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CORRIGENDA 


VOLUMES 22, 1937 AND 23, I938 
Volume 22 

Page 580, table 3 

In “N^Xsn bu-3,963 9” 250 should x'ead 150 
In “sc buXse-ijOoscf” no should read 210 

Volume 23 

Page 5, lines 26 and 27 should read: “There are five comparisons provided 
by subtracting the time for p from that for P.” 

Page 6, line 7 should read: “Subtracting 5 from 5 the following differences 
are taken from Table 3.” 

Page 8, lines 9-10 should read: “A characteristic of the data that indicates 
the differential influences of the 5 s pair is that no ss strain germi- 
nated . . . 

Page 28, footnote* “Mendel” in place of “Meudel.” 

Page 59, 13th line from bottom, “sequencies” should be “sequences.” 

Page 84, addition to last paragraph of section on Material and Methods: 
“except figure 9, which was reduced to about one-fourth.” 

Page 201, 2nd line in last paragraph, instead of: “Type A (5i5s)” read 
“type A {SiSi)” 

On page 433, near the end of Table 4 under “Females” “het. B,” for 
“or XXX^S” read “or i, under “y het. B” for “XX” 

read‘OT"J^X”. 

On page 438, last line, for “(c)” read “(b).” 

On page 462, on line with “XXXp'^-eggs” for “12” read “ii.” 



THEODOR BOVERI 


“Die Naturforschung hat ihre dauernden Priester”. Joh. MtJLLER 
{Zuf vergleichenden Physiologie des Gesickissinnes, 182$) 

D ER Name Theodor Boveris ist mit so vielen Grundtatsachen und 
theoretischen Vorstellungen verkniipft, auf denen die heutige Verer- 
bungslehre und Entwicklungsphysiologie ruhen, dass er jedem Biologen 
bekarint ist. Aber gerade weil uns heute so vieles, was Boveri erarbeitet 
hat, fast selbstverstandlich erscheint, sind wir schon in Gefahr, die Eigen- 
art und den besonderen Wert seiner Arbeitsleistung zu vergessen. 

Der aussere Ablauf seines reichen Lebens ist mit wenigen Daten zu 
umreissen: Er wurde am is.Oktober 1862 in Bamberg geboren, studierte 
in Miinchen Naturwissenschaften, vor allem als Schuler R. Hertwigs, 
und promovierte 1885 zum Dr. phil. 1887 wurde er Privatdozent. 1893 
erhielt er den Lehrstuhl der Zoologie und vergleichenden Anatomie in 
Wurzburg. Dort lehrte und forschte er bis zu seinem Tode am 15. Oktober 
1915. Eine wertvolle Arbeitsstatte, an der viele seiner Untersuchungen 
entstanden, war ihm die Zoologische Station in Neapel. In seinem wunder- 
vollen Nachruf auf Anton Dohrn hat er ihr und ihrem Grunder ein 
Denkmal gesetzt. Seine Erfolge als Forscher verdankte Boveri dem gliick- 
lichen Geschick, dass sich in ihm in ganz ungewohnlichem Mass Eigen- 
schaften vereinigten, von denen jede einzelne in starker Ausbildung nicht 
eben hSufig ist: die Gabe genauer, unvoreingenommener Beobachtung, 
reiche Phantasie, die ihn immer neue Fragestellungen und LosungsmSg- 
lichkeiten sehen liess, scharfer, kritischer Verstand und tiefer, sachlicher 
Ernst. Ohne je “auf die allernachste Hypothesenatmosphare zu verzich- 
ten; ohne die jeder Tatsachenkorper tot bleiben muss,” betonte er streng: 
“Solange nicht jeder, der zu denken vermag, gezwungen werden kann, die 
Sicherheit eines Ergebnisses anzuerkennen, solange steht dasselbe, mag 
die Bedeutung des Problems eine noch so hohe sein, an wissenschaftlichem 
Rang auf.einer untergeordneten Stufe” (1904). 

Der Ausgangsptmkt fur eine Untersuchung war fur Boveri stets eine 
ganz bestimmte Fragestellung; hiemach wahlte er Objekt und Methode 
aus. Da er “exakte Ergebnisse in dem Sinne, in dem man in Physik und 
Chemie von Exaktheit spricht,” suchte, konnte seine wesentlichste Me- 
thode nur das Experiment sein. Er hat verschiedene Versuchsverfahren 
sinnreich angewandt; ganz besonders aber liebte er die Ausniitzung von 
Anomalien, die ihm die Natur darbot: “Das Wesentliche des Experiments 
liegt nur darin, dass man sicher weiss, dass gewisse, sonst stets vorhandene 
UmstSLnde in einem gegebenen Fall in bestimmter Weise abgeandert 
worden sind. Wer sie abaondert, ob der Beobachter oder die Natur selbst, 



ist ganz gleichgiiltig. Ja, der Forscher am Lebenden wird sich ganz 
besonders angelegen sein lassen, Abweichungen vom Nonnalen aufzu- 
finden, bei denen er selbst mit seinen rohen Mitteln gar nicht eingegrifien 
hat und wo er doch die Art des Veranderten vollig zu durchschauen vermag” 
(1907). 

Drei Tatsachengebiete der Vererbungsforschung hat Boveri grund- 
legend gefordert: Das Verhalten der kontinuierlichen Zellbestandteile in 
Zellteilung, Keimzellenreifung und Befruchtung, die Lokalisation der 
iibertragenen Erbanlagen und das Verhaltnis von Kern und Plasma im 
Entwicklungsgeschehen. Alle drei Gebiete hat er schon in den 80°" Jahren, 
noch nicht 30-jahrig, betreten. Auf alien ist er bis zu seinem Tode vorange- 
schritten in steter Ausweitung des Blickfeldes und Vertiefung der Frage- 
stellung. Wir mtissen versuchen, auf engem Raum einige Durchblicke 
durch sein reiches Werk zu gewinnen. Ein Verzeichnis der Schriften 
Boveris mit Ausnahnae der letzten (1918) findet sich in dem Nachruf von 
Spemann: Arch. f. Entwickl. mechan. Bd. 42, 1916. 

Die erste cytologische Arbeit (1886) handelt “uber die Bedeutung der 
Richtungskorper.” Er gab die erste genaue Darstellung des Reifungsvor- 
gangs an A scans megalocephala, verglich die Eireifung nait der Samenrei- 
fung und fasste die Richtungskorper als Abortiveier auf. Auf weitere eigene 
Untersuchungen an Ascaris und die Verkniipfung vorangegangener, unter 
sich unvermittelt dastehender Entdeckungen von Rabl, van Beneden, 
0. und R. Hertwig, Fol u.a. baute Boveri eine Theorie der Kernkonsti- 
tution, Zellteilung und Befruchtung auf. Auf Grund der von Rabl (1885) 
gefimdenen Tatsache, dass in den Kemen der Salamanderepidermis “bei 
der Vorbereitung zur Teilung die gleiche Anzahl von Faden in annahernd 
der gleichen Lagerung wieder erscheint, die im Beginn der Kernrekon- 
struktion so charakteristisch hervortritt,” betrachtete Boveri “die chro- 
matischen Elemente als Individuen, elementarste Organismen, die in der 
ZeUe ihre selbstandige Existenz fiihren” (1887). Ferner wird dargelegt, 
dass “das Zentrosoma, das bisher nur als PolkQrperchcn der Spindel 
bekannt war, ein selbsthndiges, dauemdes Zellorgan darstellt, das sich, 
gerade wie die chromatischen Elemente durch Teilung auf die Tochter- 
zellen vererbt. Es ist das eigentliche Teilungsorgan der Zelle.” Die Tren- 
nung der Tochterchromosomen und die Zellteilung sind Funktionen der 
Zentrosomen (1887). Im Befruchtungs problem scheidet Boveri von vorn- 
herein scharf zwischen der “Kombination der Qualitkten zweier Indivi- 
duen,” die er im Einklang mit Hertwig, Weismann u.a. “in hochstem 
Grade wahrscheinlidh.” in der “Vereinigung der vaterlichen und miitter- 
lichen Kemsubstanz” sieht, und der Entwicklungserregung, dem Anstoss 
zur Teilung des Eis. Nach Bovems Auffassung findet im reifen Ei eine 
Rilckbildung des Zentrosomas statt; das Spermatozoon bringt ein Zentro- 
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soma in das Ei hinein und stellt damit die Teilungsfahigteit wieder her.— 
Die Diskussionsbemerkungen von Kuppper, R. Hertwig und Bonnet 
zu den ersten Mitteilungen Boveris in der Gesellschaft fiir Morphologic 
und Physiologic in Mtinchen (1886, 1887) zeigen, wie neu alle diese An- 
schauungen damals noch waren. 

Auf die weitere Aufklarung der Zellteilungsphysiologie und der Rern- 
konstitution hat Boveri weiterhin noch eine Fiille von Miihe und Scharf- 
sinn verwandt. Die ^^Theorie der Chromosomenindvuidualitdf^ hat er in 
grossartiger Beweisfiihrung sichergestellt. Seine Zusammenfassung ^Ergeb- 
nisse liber die Konstitution der chromatischen Substanz des Zellkerns” 
(1904) ist ein klassisches Buch unserer Wissenschaft. 

Die Frage ob tatsachlich die Erbanlagen "ausschliesslich im Kern enthal- 
ten seien,” liess sich nur auf dem einzigen Wege losen, "dass man von 
zwei verschiedenartigen Zellen von der einen das Protoplasma, von der 
andern den Kern nimmt und diese Teile zu einer neuen Zelle vereinigt/' 

Eine Moglichkeit zur Losung des Problems schien die Ausnlitzung der 
Entdeckung von 0 . und R. Hertwig zu bieten, dass kernlose Eifragmente 
sich befruchten lassen. Fiir den scheinbaren Erfolg eines solchen ^‘Mero- 
gonieversuchs,^^ in dem Boveri Eibruchstiicke von Sphaerechinus mit 
Samen von Parechinus befruchtete und einzelne Larven von rein vater- 
lichem Skelettypus bekam (1889), hat Boveri allerdings spater (1918) 
eine Fehlerquelle aufgezeigt. Aber Boveri hat weiterhin zwei andere 
hdchst elegante Beweise dafiir geliefert, dass die Erbanlagen, welche die 
Ausbildung der Larvencharaktere der Seeigel bestimmen, im Kern liegen 
und auf die verschiedenen Chromosomen verteilt sind: durch den Dis- 
permieversuch (1892) und den Rieseneierversuch (1914). Nach Befruchtung 
mit 2 Spermien entstehen gewohnlich 4 Spindelpole, und das Ei wird 
simultan in 4 Blastomeren geteilt. Dabei werden die Tochterchromosomen 
der 3 vorhandenen Chromosomensatze rein zufallsmassig auf die 4 Pole 
und die 4 Blastomeren verteilt. Zieht man die 4 ersten Blastomeren eines 
normalen Keimes getrennt auf, so wird aus jeder eine normal gebaute, 
entsprechend verkleinerte Larve. Die vier simultan aus einem dispermen 
Ei entstandenen Blastomeren entwickeln sich getrennt aufgezogen in der 
ganz iiberwiegenden Mehrzahl abnorm und unter sich verschieden. In 
ihrem Plasmabestand gleichen sie einander und den Blastomeren des 
normalen Vierzellenstadiums; die Storung und die Verschiedenartigkeit 
ihrer Entwicklung kann also nur auf einer Abanderung der Chromosomen- 
kombination beruhen, womit bewiesen ist, dass die Chromosomen ver- 
schiedenwertig sind. Der ^^experimentelle Beweis, dass die Ubertragung 
der spezifischen miitterlichen Eigenschaften nicht durch das Eiplasma 
sondern durch den Eikern geschieht,” wurde von Boveri (1914)? gleich- 
zeitig mit C. Herbst, durch die Bastardierung von Rieseneiem erbracht: 
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Das Riesenei hat doppelte Chromosomenanzahl und doppelte Plasma- 
grosse; die Vererbungsrichtung von Artbastarden wird nach der Mutter- 
seite verschoben. Die Mutterahnlichkeit kann nicht auf der Plasmaver- 
mehrung beruhen; denn gleichzeitig wurden Eifragmente mit Spermien der 
gleichen Mannchen befruchtet, und es zeigte sich, das die mutterliche 
Tendenz mit der Verminderung des Eiplasmas nicht abnimmt. Damit ist 
beAAdesen.dass die Vererbungssubstanz im Kern liegt und quantitativwirkt. 

Die Verschiedenwertigkeit der Chromosomen und die genaue Paral- 
lelitat der Chromosomenverteilung in der Keimzellenreifung und Befruch- 
tung mit der Verteilung der Erbfaktoren nach den Mendelschen Gesetzen 
fiihrte Boveri, gleichzeitig mit Sutton, zu der Theorie der Lokalisaiion 
der Mendelschen Erbfaktoren In den Chromosomen (1903). 

Die Erfahrungen iiber die zur Keimesentartung fiihrende Wirkung von 
Abanderungendernormalen Chromosomenkombination regten Boveri zu 
einem theoretischen Aufsatz “zur Frage der Entstehung maligner Tumor en” 
(1914) an. Hier entwickelt Boveri die Hypothese, dass die Krebszclle 
sich von der normalen unterscheide “durch einen gewissen abnormen 
Chromatinbestand, gleichgiiltig, wie er entsteht.” Grundgedanken dieser 
ideenreichen Schrift, in der ein grosses Tatsachenmaterial verarbeitet ist, 
leben in modemen Krebshypothesen vrieder auf. 

Auch mit dem Problem der GescMechtsbestimmung hat sich Boveri 
beschaftigt. Mit einer Reihe von Schiilem untersuchte er das Vorkommen 
von Geschlechtschromosomen bei Nematoden und bemiihte sich um die 
Aufklarung der Chromosomenverhaltnisse bei einer hermaphroditischen 
Art (1911). Ein besonders reizvoUes Problem boten ihm die ^ Eugsterschen 
Zwitterbienen.” Er hatte bei Seeigeln (1888) beobachtet, dass ausnahms- 
weise der Spermakem vom Eikern getrennt bleiben und spater mit dem 
Kern der einen Blastomere verschmelzen kann. Er wies schon damals 
darauf hin, “dass, wenn in einem befruchteten Bienenei die gleiche Ab- 
normitat auftreten wiirde, hochstwahrscheinlich ein gynandromorphes 
Individuum die Folge sein wurde.” Morgan stellte (1905, 1909) gegeniiber 
der Annahme Boveris, dass die mannlichen Teile der Zwitterbienen reine 
Eikeme enthalten, die Hypothese auf, dass sie gerade umgekehrt nur mit 
Spermaabkommlingen ausgestattet seien, wofiir sich auch Modellfalle von 
disperm befruchteten Seeigeleiern, bei denen ein Eikern selbstandig ge- 
blieben war,anfuhren liessen. Eine Entscheidung zwischen beiden Mbglich- 
keiten liess sich erbringen, da die Eltern der von Boveri (1915) eingehend 
untersuchten Eugsterschen Zwitterbienen verschiedenen Rassen ange- 
hSrten: Die mannlichen Teile entsprachen rein der Rasse der italienischen 
Mjitter {Apis mellifica Ugustica), wahrend die weibliche Seite eine Mi- 
sdrang des Ugustica- und meUifica-lypyx^ auf wies; Boveris Hypothese 
! wurde also bestatigt. 
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Auf das Determinationsprohlem wurde Boveri schon 1887 durch die 
Entdeckung der Chromatindiminution bei A scans megalocephala gefiihrt. 
Spater konnte Boveri durch Verlagerung von Inhaltsbestandteilen durch 
Zentrifugieren, durch Abtoten bestiminter Zellen durch ultraviolettes 
Licht und besonders wieder durch Auswertung disperm befruchteter Eier 
tief in das Determinationsgeschehen im Ascaridenkeim eindrigen, vor 
allem die Frage nach der Verursachung der Chromatindiminution beant- 
worten. Das Ascaris-Ei besitzt vor der Furchung einen ausgesprochen 
heteropolen Bau; wir konnen eine animale und eine vegetative HSlfte an 
ihm unterscheiden. Bei der normalen Entwicklung kommt bei der ersten 
Teilung ein Spindelpol in die animale, der andere in die vegetative Halfte 
zu liegen. In der animalen Zelle tritt Diminution ein, in der vegetativen 
nicht. Im disperm befruchteten Ei konnen sich die Spindelpole verschieden 
einstellen und entweder 2 animale und 2 vegetative oder i animale und 3 
vegetative oder 3 animale und i vegetative Zelle gebildet werden; und 
jedesmal werden im animalen Bereich die Kerne diminuiert, im vegeta- 
tiven bleiben die Urchromosomen erhalten. Das Verhalten der Chromo- 
somen wird also durch ihre Umgebung bestimmt. “So scheint der Fall von 
Ascaris ein einfaches Paradigma dafiir darzustellen, wie die Wechsel- 
wirkung von Protoplasma und Kern in der Ontogenese zu denken ist, und 
auf welche Weise aus der ausserst geringen Ungleichartigkeit des Eiproto- 
plasmas, durch Auslosungswirkungen auf den Kem und Riickwirkungen 
vom Kem auf das Protoplasma, die schliesslich so gewaltigen Verschieden- 
heiten der entstehenden Zellen hervorgehen konnen” (1910). 

In einer anderen Richtung tiieb Boveri das Kern-Plasma-Problem in 
seiner letzten Arbeit vor, die Marcella Boveri nach dem Tode ihres 
Mannes herausgegeben hat(i9i8).Das MerogonieproUem hatte Boveri nie 
Ruhe gelassen. Eine Wiederholung der alten Versuche fiihrte auf Fehler- 
quellen : Durch das Schxitteln kann der Eikem als Ganzes oder in Form von 
Partialkernen unsichtbar werden; so ist es moglich, dass ein scheinbar 
kernloses Eistiick doch einen Kem oder ein Kemstiick enthalt. Die Fest- 
stellung der Kemgrdssen in zahlreichen neuen Zuchten aus zerschiittelten 
Sphaerechinus-Eiern, die mit Paracentrotus- oder Parechinus-Sperma 
befruchtet waren, zeigte, dass die eikemlosen Fragmente sich zunachst 
ebensogut entwickeln wie die eikernhaltigen. Nach VoUendung des 
Blastulastadiums stellen jene aber stets die Weiterentwicklimg ein. Hier- 
durch kam Boveri zu der tJberzeugung, dass auch in seinen Versuchen 
von 1889 die wenigen vermeintlich merogonischen, rein vaterlich ausse- 
henden Plutei doch einen Teil des Sphaerechinus-Kems enthalten batten 
und damit jene Ergebnisse aus der Diskussion ausscheiden miissen. Aber 
in anderer Richtung waren durch diese neuen ausgedehnten Merogonie- 
versuche sehr wichtige Ergebnisse iiber die Rolle von Eiplasma und Kern 



in der Embryonalentnmchlung gewonnen: “Gewisse allgem eine Formverhalt- 
nisse des entstehenden Individuums sind ohne Zweifel in der Anordnung 
des Eiplasmas vorgezeichnet. Hier spielen offenbar die Gene noch gar 
keine Rolle, wenn nicht etwa in der Weise, dass sie bei der Bildung des 
Eies (der Oocyte) dessen Plasmabau beeinflussen konnen.” EGermit ‘‘steht 
in bester Ubereinstimmung, dass das Ei seine erste Entwicklung mit 
einem, wie man fast sagen kann, beliebigen Chromatinbestand auszu- 
ftibren vermag.” Vom Beginn der Gastrulation an ist “die Weiterentwick- 
lung von der Anwesenheit eines zum Eiplasma richtig abgestimmten 
Chromosomenkomplexes abhangig.” Ermoglicht der Eikem oder ein Stuck 
von ihm die weitere Entwicklung, so kann der vaterliche Kern auf dieses 
Entwicklungsgeschehen, das er durchaus nicht in Gang zu setzen ver- 
mochte, formativ mit solcher Kraft einzuwirken, dass in dem entstehenden 
Pluteus die Entfaltung der miitterlichen Anlagen vdllig unterdriickt wird. 
So ergab sich ein neuer, weiter Ausblick: “Bezeichnet man als Vererbung 
die Gesamtheit der inneren Bedingungen, die zur Entfaltung der Eigen- 
schaften des neuen Individuums gehoren, so kommt hierbei dem Proto- 
plasma eine viel spezialisiertere Bedeutung zu, als man bisher vielfach 
anzimehmen geneigt war,” und “die Rolle des Kerns in der Entwicklung 
fallt nicht zusammen mit der Ubertragung der elterlichen Qualitaten,” 
d.h. der Bestimmung einer Summe einzelner sichtbarer Merkmale. Wir 
sehen, welche Probleme Boveri jetzt am meisten bewegten: “tJber die 
Frage, wie die in der Zygote gegebene Konstitution zu jenem Erbeffekt 
hinfuhrt, mit dem der Vererbungsforscher arbeitet, wissen wir trotz aller 
exakten Vererbungslehre so gut wie nichts; . . . ja man wird vielleicht, 
wenn man an die jetzt bekannten Angriffsmoglichkeiten denkt, an der 
Losbarkeit einer solchen Aufgabe iiberhaupt verzweifeln” (1918). 

Immer wieder, besonders beim Lesen der letzten Arbeit Boveris, welche 
die ganze Meisterschaft des Forschers so eindrucksvoll zeigt, empfindcn 
wir es tief schmerzlich, dass Boveri die Weiterentwicklung der Genlokali- 
sationstheorie und die sich anbahnende Verkniipfung von Genetik und 
Entwicklungsphysiologie nicht miterlebte. Wie hatten ihn diese Vertiefung 
der Erkenntnis und diese Blosslegung neuer Problemschichten begliickt! 
Wie hSLtte sein weiteres Schaffen uns bereichert! — “Die Naturforschung 
hat ihre dauernden Priester,” — ihre Gemeinschaft hoch zu halten ermahnt 
uns immer die geistige Gestalt Boveris. 

Alfred KtfHN (Berlin-Dahlem). 

Tim pofi/raU of Theodor Boveri is from a photogropk kindly loaned hy Mrs, Theodor Boveri, 


VI 



THE RELATION OF THE FIRST CHROMOSOME PAIR TO 
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T he linear order of four genes in chromosome I of the tomato has 
been well established, principally from data obtained by Lindstrom 
( 1932) and McArthur (1934). Lesley (1931) has shown one of the genes 
in this linkage group to be related to resistance to the curly top virus dis- 
ease, and Lindstrom (1932) has demonstrated a decided relationship 
between fruit size and the genes in this pair of chromosomes. Yeager 
( 1937) has data that demonstrate the presence of a j&fth gene in the group 
and considers this to be a major gene for fruit shape and size. 

The four genes that have been located by linkage tests and their ar- 
rangement are as follows: 

d dwarf plant recessive to D, standard plant 
p pubescence on the fruit recessive to P, smooth fruit 
0 pear shape fruit recessive to 0 , round fruit 
5 compound inflorescence recessive to S, simple inflorescence 

McArthur (1934) has stated that certain genes affect the rate of fruit- 
ing, noting especially that the LI (lutescent) pair in chromosome V re- 
tards ripening when recessive. 

CuRRENCE (1932) found other genes to be associated with time of ripen- 
ing fruit. Ripening dates of phenotypic aUeles resulting from crosses of 
recessive by dominant of different dates of ripening were compared, and 
a relationship of the Dd genes to season of ripening was found. This report 
consists of additional material on the effect which the region associated 
with the four marker genes of the first chromosome has on the time of 
fruit ripening. 

MATERIAL AND METHODS 

Seed of a strain homozygous for d p 0 s was obtained from Dr. E. W. 
Lindstrom. A representative plant from this strain was crossed with a 
plant of the variety known locally as Danish Export, an early ripening 
type producing fruit a few days earlier than average strains of the well 
known Earliana variety, and dominant for the four genes of the first 
chromosome. A plant from a small Fi population was used as a pistillate 
parent and pollen from the d p 0 s parent was applied. Plants were then 

1 Paper No. 1555, Scientific Journal Series, Minnesota Agricultural Experiment Station. 
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grown from this backcross and compared for earliness with plants result- 
ing from selfing both parents and with the Fi plants. 

The seed was started in flats and all seedlings were transplanted in about 
two weeks into 35-inch clay pots. The plants were grown in these pots for 
a period of approximately one month and then set into the field. Care 
was exercised to get them into the field before any flowering began since 
failure of pollination often interferes with fruit setting early in the season 
and this would cause inequality in ripening. 

The segregates were classified for the four marker genes in the back- 
cross population and all plants of normal appearance were classified for 
earliness by recording the date at which they developed the first ripe 
fruit. 

EXPERIMENTAL DATA 

Map distances. Inasmuch as several hundred backcross plants have been 
classified for the four qualitative characters, the data may be used to 
substantiate further the linkage relationships published by Lindstrom 
(1932) and McArthur (1934). Table i contains the linkage figures ob- 

Table 1 


Recombination values calculated hy combining all available backcross data. 


COMBmATIONS 

NUMBER 

DATA BY 

Lindstrom 

TOTAL 

PERCENT 

l>POS 

377 

125 

502 


dpo s 

163 

8s 

248 

68,8 

DRos 

19 

14 

33 


dpOS 

35 

20 

55 

8,1 

DROs 

73 

16 

89 


d po S 

97 

13 

no 

18.3 

D^os 


4 

17 


dPOS 

12 

4 

16 

3.0 

DRaS 

2 

6 

8 


dpOs 

4 

0 

4 

1 .1 

DpoS 

4 

I 

5 


dPOs 

I 

I 

2 

0.6 

DPOS 

0 

0 

0 


dP os 

I 

0 

1 

O.I 


801 

289 

X090 

xoo.o 


tained when those of the present study are combined with those published 
by Lindstrom. Slight changes in the loci of Oo and Ss are suggested by the 
dgmUmed data. Figure i shows the recombination relationships of the 
imtr gones. 
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Since the parents were different in earliness and also differed in the four 
qualitative characters, the backcross segregates for the qualitative char- 
acters show any association that might exist between them and earliness. 
If any one of the four marker genes is in a section of the chromosome that 
affects rate of development, the crossovers involving that gene would in 
general be affected by the time of ripening gene or genes associated with 
it in the parent plant. 


d P 0 



PiGXJRE I . — ^Recombination values of four genes in tbe first cbromosome. 


Table 2 gives the summarized data on earliness in parents, Fi and in 
the various phenotypes in the backcross population. The standard errors 
of the means are given for each generation or phenotype. The generalized 
standard deviation of 4.49 days for the backcross groups was calculated 
by the analysis of variance method from the sums of squares within 

Table 2 

Distribution of ripening dates for various phenotypes resulting from a backcross of Fi 
(DFOS earlyXdpos laie)Xdpos laie. 

Days from August i to ripening of fruit. 


GENERATION 

PHENOTYPES 

12 

16 

20 

24 

28 

32 

36 

40 

44 

48 

52 

56 60 

TOTAL 

IZEAN 

Pi 

DFOS 

2 

3 

10 

9 

19 

II 

11 

z 





66 

27 . 4 ± 0'.77 

Pi 

dpos 







I 

8 

30 

27 

2 

2 z 

51 

46.4+0.62 

F, 

DFOS 



15 

22 

26 

5 

2 






70 

25.6+0.47 

BC 

DFOS 

6 

12 

70 

123 

78 

21 

7 






3x7 

24.4+0.25 

BC 

DFOs 


I 

3 

12 

27 

13 

4 

2 





63 

28.4+0.57 

BC 

DFoS 





I 

I 







2 

30.0+3. iS 

BC 

DFos 



I 

I 

5 

9 

I 






17 

29.0±i-op 

BC 

Dpos 













0 

— — 

BC 

D pOs 













0 

— — 

BC 

DpoS 




I 

2 








3 

26. r± 2.59 

BC 

Dpos 





X 

6 

3 

I 


I 



Z3 

34.7il.30 

BC 

dFOS 




I 

2 

I 

5 






9 

32.4iI.so 

BC 

dPOs 







I 






I 

36. oi 4.49 

BC 

dFoS 













0 

— — 

BC 

dFos 






I 







I 

32 .o± 4.49 

BC 

dpos 




I 

I 

4 

12 

s 

3 

I 



30 

37.1io.82 

BC 

d pO s 







X 

2 





3 

38.7i2.59 

BC 

dpoS 




Z 

3 

20 

31 

22 

9 




86 

36.Sio.48 

BC 

dpos 







9 

39 

45 

21 

10 

3 

127 

43 , 8 ±o .40 


phenotypes. Only those groups contmning nine or more plants were used 
in the calculations. In order to have the backcross data as complete as pos- 
sible, the generalized standard deviation is used as the standard error of 
a single plant, and therefore may be of some value if applied as such to 
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Table 3 

Dijferences in ripening dates Jor various phenotypes resulting jrom a bachcross of Fi {D JP OS early Xd p os late) Xd p 0 $ 
late. Vertical column subtracted from horizontal. 


NUMBER OF 

PLANTS 

62 

2 17 

3 

12 

9 

I 

X 

30 

3 

86 

127 


NUMBER 

DPOs 

D P oS DPos DpoS Dp 0 s 

dPOS dPOs 

dPos 

dpOS dpOs 

d po S 

dp 0 s 


OF PLANTS 












DPOS 

3x7 

4.0 

S.6 5-5 

2.3 

10.3 

♦♦ 

8.0 

II. 6 
* 

7.6 

12.7 

14.3 

12.1 

19.4 

DPOs 

62 


1.6 i.s 

1.7 

6.3 

** 

4.0 

* 

7.6 

3.6 

8.7 

** 

10.3 

♦♦ 

8.x 

** 

IS. 4 
** 

DPoS 

2 


O.I 

- 3-3 

4*7 

2.4 

6.0 

2.0 

7.1 

* 

8.7 

¥ 

6.5 

* 

13.8 

D P 0 s 

17 



3-2 

4.8 

2.5 

6.1 

2.1 

7.2 

** 

8.8 

6.6 

♦♦ 

13.9 

DpoS 

3 




Wm 

B 

9.3 

S .3 

10.4 

m* 

12.0 

>!•* 

9.8 

** 

17. X 

Dp 0 s 

12 





~ 2.3 

B 

2.7 

2.4 

4.0 

1.8 

9.1 

*¥ 

dPOS 

Q 






3.6 

0.4 

4-7 

6.3 

* 

4.1 

** 

11.4 

** 

dPOs 

X 







4.0 

B 

B 

0.5 

7.8 

dP os 

I 








5 . 1 

6.7 

4.5 

IX. 8 
** 

dpOS 

30 









1.6 

—0.6 

6.7 

** 

dpOs 

3 










2.2 

S-i 

d p 0 S 

86 











7.3 

*« 


♦ Exceeds 5% point. ** Exceeds 1% point. 


those groups having populations of fewer than nine plants. Although it is 
not intended to base conclusions on these small numbers it will be noted 
that in many cases they gave results that were statistically significant 
with the above error applied to them. The standard errors of all the back- 
cross means were obtained by dividing the generalized standard deviation 
by the square root of the, number of plants in the particular gro up, and 
those for the parents and Fi were obtained by the formula y^hfd^/n. 

The difference between the parents was approximately 19 days. The 
Fi was uniform and slightly earlier than the early parent. Among the 
backcross plants the individuals with the four dominant marker genes 
were the earliest and those with the four recessive genes were the latest 
of the phmotypes. The phenotypes representing crossovers in the three 
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regions were intermediate for date of ripening. In general, the earliness 
of the groups was directly related to the number of dominant marker 
genes present. 

By appropriate comparisons of ripening dates among the groups, the 
effect which specific regions of the chromosome might have on the rate of 
development is shown. Certain comparisons also provide information as 
to the extent of any interacting effects of the different parts of the chro- 
mosome. The differences between all phenotjT)es are given and theii sta- 
tistical significance determined by Fisher’s table of t values in table 3. 
The degrees of freedom "within phenot3^es” were used. The comparisons 
which follow indicate the extent to which the Dd region may affect earli- 
ness. The number of plants is given in parentheses. 

DFOS (317) — dPOS (9) = —8.0 highly significant 
Dfos (12) — dpos (127) = —9.1 highly significant 
DPOs (62)— dPOs (i) = -7.6 
DpoS (3) — dpoS (86) = —9.8 highly significant 
DPos {i'j)—dPos (i) = — 2.1 

Since the differences for the two comparisons with satisfactory numbers 
are highly significant, there is sufiScient evidence that this end of the 
chromosome has a differential effect of about 8 days on the time of ma- 
turity. So far as the data show, the difference is not greatly modified by 
changes in other chromosomal regions. The difference of i.i days between 
the two differences is not statistically significant. 

The second region, which is the one containing the gene p for pubescence 
on the fruit, appears to exert an effect on the rate of development to the 
fruit ripening stage. There are five comparisons provided by subtracting 
the time for P from that for p. 

D P o s (17) — D p 0 s (12) = —4.8 highly significant 
d P O S (9) — d p O S (30) = — 4.7 highly significant 
d P 0 5 (i ) — d p 0 s {12’]) = — II . 8 highly significant 
D P oS (2)— Z> p oS is) = +3.3 
d P O s (i) — d p O s (3) = — 2.7 

The two comparisons D P 0 s — D p os and dP O S — d pOS have num- 
bers that are probably large enough to provide accurate information. 
Based on these two pairs of phenotypes, P appears to hasten ripening 
over p by about 5 days. The other comparisons which involve small num- 
bers are of limited value. However they suggest the possibility that the 
differences between P and p might vary in different combinations of the 
other genes. 

The Oo region offers comparisons that are of interest. None of the pair- 
ings for this region of the chromosome show significant differences; and 
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those with sizeable populations have differences that are very small. It is 
therefore probable that this part of the chromosome does not contain im- 
portant factors for early ripening. However, it may contain genes of 
minor importance since most of the above comparisons show the O plants 
to be earlier than those having o. 

The fourth region which contains the gene 5 affecting type of inflor- 
escence appears to influence the rate of development. Subtracting 5 from 
5, the following differences are taken from table 3. 

D P 0 S (317 ) — D P 0 s (62) = —4.0 highly significant 
d p 0 S (86) — d p 0 s (127) = —7.3 highly significant 
D p 0 S (3 ) — D p 0 s (12) = —8.0 highly significant 
dPOS (9)— d P 0 5 (i) = -3.6 

The effect of the Ss region appears to be distinct and significant. The 
varying effect of the region in the two different combinations where 
numbers are large, is of interest since it suggests an interaction of genes 
for earliness. The difference between the two differences is 3.3 ±0.9. The 
genes associated with 5 may be considered to be more effective in shorten- 
ing the time to fruit ripening when not in combination with the genes for 
earliness that are associated with the D P 0 section of the chromosome. 
It may be that only a part of the D P 0 region is responsible for the 
interaction. There is some inconclusive evidence that the interaction does 
not involve D d. 

From the foregoing results there are at least three genes which affect 
earliness of fruiting. Their effect is thought to be accumulative, but in 
one case it is smaller in combination with other genes for earliness. In 
the cross studied, there are no indications that the Oo region has any 
important bearing on the date of fruit ripening. 

This statement is based mostly on the slight differences between 
D P 0 s — D P 0 s, and d p 0 S — d p 0 S. The numbers in. each of these 
four groups are satisfactory. The mean differences are small, and the dis- 
tributions are quite similar in both cases. It therefore seems that the 
genes responsible for the association of P and 5 with earliness must be 
either very near these genes, within the loci, or on the sides away from 0 . 
Otherwise the Oo crossovers should on occasion be affected by the same 
genes that affect the Pp and crossovers. Therefore, the outer ends of 
that part of the chromosome studied seem to be of most importance to 
earliness. Crossing over between d and p and between p and 0 provide 
some evidence that there is an effect on earliness, quite close to the Dd 
locus or to the left of it. The D P 0 s group of plants was 13.9 days earlier 
than the dp 0 s plants whereas the D p 0 s group differed from the d p 0 
by 9.1 days. Consider that the effect connected with P has been showg^ 
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to be probably either within the locus or to the left of it, and that D in- 
creases this effect. This increase would be impossible if D were not more 
closely associated with the particular cause than was P. Therefore there 
is a gene or possibly genes for earliness that lie closer to Dd than to Pp. 
The small number of crossover plants for the region between d and p is 
somewhat insuificient for satisfactorily separating the effects of the two 
regions. An extensive number of such crossovers would indicate whether 
or not the associations with Pp and Dd were independent of the chromo- 
some connecting the two genes. Figure 2 is shown for the purpose of pre- 
senting diagrammatically such approximate effects as noted for the differ- 
ent chromosome sections. 



That the part of the chromosome studied may affect the rate of the 
plant’s development very early in the life cycle, is shown by the data on 
germination that are given in table 4. Thirty-five seeds from each of va- 
rious self pollinated backcross plants were planted in greenhouse flats and 
records made of the number of days before the seedlings emerged. Group- 
ing and averaging the means of individual lines according to the pheno- 
type of the parent plant provided the results shown in the table. A 
generalized standard error for the averages of the means was calculated 
by the analysis of variance method basing the variability on the sum of 
squares within phenotypes and using only the five groups that contained 
nine or more lines for the calculations. The standard error divided by the 
square root of the number of lines in the phenotype gives the standard 
error of the group of means. Again with these figures, the errors have 
been applied to the smaller populations with the assumption that they 
have a certain value in supplementing the information from larger groups. 

It is apparent that the phenotype D P O S oi the earlier parent was 
significantly faster in germinating than the d p 0 s group of lines. How- 
ever, individual regions with the exception of S — ^ do not show signifi- 
cant differences. Of the S — x comparisons, there are two which have suf- 
ficient numbers to provide definite information. D P 0 S was one day 
faster in germinating than DP Os , and dp oS germinated 1.7 days sooner 
than d p 0 s. Ill both instances, the t table shows the differences to be 
highly significant. The data do not indicate important association be- 
tween time of germinating ^§.nd any of the other individual regions, but 
there are certain comparisons showing significant differences by adding 
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Table 4 


Mean averages of days to germinate and percentage germination of lines produced by self pollinating 
plants of various backcross phenotypes. F^iDPOS earlyY^d p 0 s late)y\d p 0 s late. 


PHENOTYPE OP 

PARENT PLANT 

NUMBER OF 

LINES 

DAYS TO 

GERMINATE 

PERCENTAGE 

GERMINATION 

DPOS 

25 

7. 90 ±0.21 

92.8 + 1 .8 

DPOs 

II 

8.91 ±0.31 

78.2 + 2.8 

DPoS 

2 

6.7S±o.73 

92 -S± 6 .S 

D P 0 s 

5 

9 .io±o .46 

73.o±4.i 

DpOS 

I 

7.oo±i.o4 

95*0 + 9.2 

DpoS 

3 

7.50 + 0.60 

90.0 + 5.3 

DpOS 

7 

io.2i±o.39 

67.1+3.5 

dPOS 

6 

8.58+0.42 

93*3±3*8 

dPOs 

I 

10.00+1.04 

90.0 + 9.2 

d P 0 s 

I 

10. 00 ±1.04 

75*0 + 9*2 

d pO S 

9 

7.94±o.3S 

94*4±3*i 

d pO s 

3 

9.67 ±o. 6 o 

68.3 + 5*3 

d p 0 S 

9 

8.56±o.3S 

90.0+3.1 

dpos 

10 

10.25 + 0.33 

82.0 + 2.9 


individual regions; thus DFOs vs Dpos gives 1.3, significant. Here 
the P 0 region is compared with p 0, and it is apparent that the effect of 
these two regions is accumulative in relation to rate of germinating. 
Other comparisons also show significant differences but small numbers 
are involved in all of them. 

Data on percentages of germination were also analyzed and given in 
table 4. Here again is a noticeable effect associated with the Ss pair of 
genes, and a somewhat general similarity between these figures and those 
on time of germinating. A characteristic of the data that indicates the 
differential influences of the pair is that no strain germinated in 
the 100 percent class and none with Ss occurred in the extremely low 
classes, but recessives of other genes were in the 100 percent group and 
dominants for them occurred in the lower classes. The two Ss compari- 
sons, D P 0 S — D P 0 s and d p 0 S — d p 0 s have differences of 14.6 
and 8.0 respectively. The former exceeds the one percent point and the 
latter is slightly below the five percent point with odds of 16.5 to one. The 
difference between the differences is 6.6 + 3.3, a t value that approximately 
equals the five percent point. 

By analysis of covariance, the figures in table 4 give a correlation of 
—.78 between percentage germination and average days required for 
germination between phenotypes, and within phenotypes it is —.50. The 
regression of days on percentage for the former was —.085 and —.046 
for the latter. The data on the analysis of covariance are shown in table 
5. It b of some interest that the relationship is more pronounced between 
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the phenotypes than within them. The phenotype apparently has a sig- 
nificant influence on the relationship compared to other factors influenc- 
ing it. This is thought to indicate a definite genetic relationship, other- 
wise the regression should be as great within phenotypes as it is between 
them. 


Table 5 

Analysis of covariance for averages of means of percentage germination and the average means of the number of days required 
for germination of lines from backcross plants. 


SOUECE OF 

VARIATION 

DEGREES 

OF 

FREEDOM 

PERCENTAGES 

DAYS 


COVARIANCE 


SUM OF 

SQUARES 

ME\N 

SQ. 

SUM OP 

SQUARES 

MEAN 

SQ. 

SUM OF CORRELA- REGRESSION 

PRODUCTS TION OP DAYS ON 

COEFFICIENT PERCENTAGES 

TOTAL 

92 

16797.0 

182.58 

168.0 

1.83 

—1068.0 



Between 









phenotypes 

13 

7713.0 

593.08 

91. 0 

7.00 

- 653.0 

-0.779 

—0.085 

Within 









Phenotypes 

79 

9084.0 

144.99 

77.0 

0.97 

- 415.0 

—0.496 

—0,046 


The effect of the Ss region on germination is thought to be related to 
the deficient number of recessives that occurred in the original backcross 
population. It will be recalled that in tables i and 2, the dominant group 
was approximately twice the size of the recessive group. Because the Fi 
plant was used as the pistillate parent in making the backcross, the pos- 
sibility that differential poUen tube growth caused the disproportion in 
numbers is eliminated. Furthermore, Lindstrom^s (1932) data shows ap- 
proximately equal reduction in numbers oi s:S whether the Fi was used 
as male or female for a similar backcross. 

The following figures were extracted from table 2 and show quite 
clearly the deficiency in numbers mentioned above. 

413 D: 257 d ratio of 1.6:1 
409 P: 261 p ratio of 1.6: i 
422 0 : 248 0 ratio of 1.7:1 
447 5.* 223 s ratio of 2.0:1 

The excess of the D, P and 0 dominants is probably due to linkage with 
5 . When the sizes of certain crossover phenotypic populations are con- 
sidered, it is apparent that ^ consistently reduced the numbers and in 
various combinations of the other genes. An exceptional case is that the 
D p 0 s group contains 12 individuals and d P 0 S nine, but in all other 
pairings, the S group is in excess of the comparable ^ population. The 
D P O s group should equal d p a S but the numbers are 62:86. Likewise, 
d p 0 S contained 30 plants as against 17 for D P 0 s, (In both of these 
comparisons, there is an excess of recessives other than s.) It seems then, 
that the s region was acting as a partial lethal. The definite relation of 
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such an effect to time and percentage of germination is not known, but it 
is quite obvious that the lethal effect may not be more than a retarding or 
failure in germination of the seed without affecting the gametic ratio of 
S:s. 

An earlier strain oi d p o s was developed by selecting from the reces- 
sive backcross group and self pollinating the selections and again select- 
ing for earliness. The selection was then crossed with the original Fi. 
After three repetitions of this program, the selected strain was compared 
with the d p 0 s parent for earliness, and was found to be several days 
earlier than the parent strain. Means obtained from the plants grown in 
adjacent rows were 25.1 + 2.0 for the parent strain and 13.0 + 2.1 for the 
selected strain. Inasmuch as the selected strain is significantly earlier, a 
possible reason would be the crossing over of earliness genes (independent 
oi D P 0 S) in the first chromosome. As an alternative explanation, it 
may be suggested that the selection program isolated genes for earliness 
in chromosomes other than the first. However, the former suggestion ap- 
pears more probable, due to the indications in table 2 that earliness 
genes outside the first chromosome were not involved in the cross. It will 
be recalled that the uniformity of the D P 0 S and d p 0 s groups in the 
backcross was equal to that of the parents and no individuals in the D P 
0 S phenotype were later than the early parent and none in the d p 0 s 
group were earlier than the late parent. The evidence therefore, is fairly 
satisfactory that there are genes for earliness in the chromosome that cross 
over independently of the four marker genes. 

THE EFFECT OF POLYPLOIDY ON EARLINESS 

The data on this are not extensive but may be of some significance. 
By the decapitation method, a shoot that had all the external char- 
acteristics of a tetraploid was produced on an Fi plant. Seeds were ob- 
tained from this branch as well as from a normal branch of the same 
plant. When the plants resulting from these two lots of seed were com- 
pared for earliness, the two means were almost identical. The plants were 
distributed over the ripening period as shown in table 6. 


Table 6 

Comparison of ripening dates for pi and 2 n Ft popidaHons. 


BIPENING DATES 


0 4 

8 

12 

16 

20 24 28 32 36 40 44 

TOTAt 

MEAK 

Diploid 

3 

2 

6 

I 

I I 

14 

7 » 4 ± 3*67 

Tetraploid 


II 

14 

2 

4351*101 

$2 

7*S±2.38 


FRUIT RIPENING ENT TOMATO II 

Although the above comparison is somewhat inadequate, there are indi- 
cations that earliness of the plants is not increased by increasing the 
number of chromosomes carrying genes for earliness. The effect of the 
genes that delay fruiting may be increased since the three latest plants 
in table 6 were recessive and were later than any of the diploid plants. 
The effect of pol3q)loidy is being studied further. 

SUMMARY 

1. Chromosome i was found to have an effect of approximately 19 days 
on time of fruiting. 

2. Differences in time of fruiting associated with the Dd region of the 
chromosome were about eight days. With the Pp region, the dif- 
ference in time was 5 days. For the Oo region there was no definite 
association. The 55 region gave differences varying from 4 to 8 days. 
The nature of the interaction exhibited was such that genes for 
earliness tended to reduce the effect of other earliness genes. Definite 
indications of such an interaction was shown by the 55 region. 

3. The effect of different parts of the chromosome on earliness was not 
related to crossover lengths of the regions. 

4. The different regions were noted to have an effect very early in the 
life cycle since the time required for germination and the percent- 
age of germination were affected. The Ss region was distinctly ef- 
fective in this respect and this associated with the deficient niunber of 
recessives that were obtained in the backcross population. 

5. By repeated backcrossing and selecting for early dd pp 00 ss, a strain 
was developed that is significantly earlier than the d p 0 s parent. 
This suggests that genes other than d p 0 sia. the first chromosome 
affect rate of development. 

6. A tetraploid F3 population appeared to be somewhat more variable 
for earliness than a comparable diploid population, but increasing 
the number of chromosomes containing earliness genes did not pro- 
duce earlier plants. 
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INTRODUCTION 

T wo objectives are concerned in the following study: to clear up as 
far as possible the questions concerning the inheritance of certain 
“blue-black” patterns previously discussed by Jones (1922) and by Bol 
(1926), and to analyze several previously unrecognized color types. 

The coloration of the ordinarily accepted wild type of Columbia livia 
is here used as a standard of reference. The plumage is basically a light 
bluish gray; the remiges become black distally, and the ends of the rec- 
trices also show black distally but in the form of a broad band with a faint 
bluish terminal edge. The tertiary wing feathers exhibit a black area in the 
vanes, as do the secondary coverts and often the median coverts; these 
rows of black areas form two black bars across the closed wing. The neck 
and crop feathers are dark, with much iridescence. The rump and under- 
wing feathers are albescent or whitish terminally; the outer vanes of the 
outer rectrices are also albescent. The iris of the eye is red at the margin 
and more yellow centrally, giving an orange appearance. The beak and 
claws are very dark brown or black. 

A list of factors incidentally involved in the present study and descrip- 
tions in terms of deviations from wild type follow. Wild type factors are 
symbolized 

d — “dilution”; sex-linked. Nestling down short, fine; beak, claws, and 
skin pale; retinal pigmentation less intense; plumage tawny with 
dun pattern. The symbol i has also been used for this factor. 
Christie and Wriedt (1923). 

— “ash”; sex-linked. Plumage ashy gray with reddish brown neck, 
crop, and wing pattern. Also has been termed “dominant red” and 
“A-factor.” Hawkins (1931). 

b — “chocolate”; sex-linked, allele of Beak, claws, and skin pale; 
iris less yellow; plumage tawny with brown pattern. Steeie (1931) 
and Hawkins (1931). 

e — “recessive red”; beak, daws, and skin pale; plumage more or less 
uniformly chestnut red, least effect on albescent areas and in 
proximal part of tail Steele (1931). 

^ Paper from the Depajtment.of Genetics, Agricultural Experiment Station, University of 
tinsconsin, No. aao. Published with the approval of the Director of the Station. 

CiKEiics 33: ig Jaa. 1938 
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S — “spreading”; plumage dull black, usually ■with wing bars still 
faintly visible. Jones (1922). 

G — “grizzle”; finely stippled decolorization (whitening) in plumage, 
least in distal parts of remiges and rectrices. Bol (1926). 

Studies of feather development in general show that the source of pig- 
ment is mainly large chromatophore cells, whose branching pseudopodia 
deposit pigment in the comifying structures. These chromatophores ap- 
pear to arise in the growth ring at the root of the feather germ. Micro- 
scopic examination of the pigment left in the mature feather of the wild 
C. Uvia has shown that only one kind of pigment, black, is present. The 



Figure i. — ^Diagram of wild type color pattern, showing the positions of the 
clumped and spread phases of the pigment. 


appearance of “blue” portions of the plumage under the microscope re- 
sembles a half-tone print, each barbule sho-wing striations or clumping of 
black granules. The black portions of the plumage reveal only traces of 
the clumping or striation, if any, the clumps being so wide as to coalesce. 
These two phases of the blackish pigment have been called “clumping” 
and “spreading” respectively (LlovS-Jones 1915). 

Two slightly different sorts of “spreading” should be recognized. One 
of them involves the distal portions of the remiges and the tail band, while 
the other affects the wing bars (fig. i.) Examination of these areas of a 
■wild t3^e specimen reveals in the first case a smooth transition from black 
to blue, while in the second case there are usually slight irregularities and 
“freckling” in the transition. For convenience the two types of spreading 
will be referred to as the “smooth” and the “coarse” types, respectively. 
There is apparently no microscopic difference, but as will be seen further 
on, the two react differently in many color combinations. The effect of 
S seems to be chiefly to cause deposition of pigment of the “smooth” 
spread type throughout the plumage. 
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The tendency for spreading of pigment to occur in specific areas of the 
plumage and individual feathers results in patterns. A wide variety of such 
patterns is found in the Columbidae, and has furnished ground for volumi- 
nous speculations on evolutionary relationships (Whitman 1919) • Within 
the limits of domestic breeds also a remarkable range of pattern may be 
observed. 

“blue-black” patterns 

Fanciers and most students of pigeon inheritance have adopted a simple 
system of “blue-black” pattern nomenclature based on the modal types, 
namely barless, bar (wild type), and checker. Appropriate adjectives desig- 
nate deviation from these modal conditions. The checker pattern has been 
subdivided according to the amount of spreading into several sub-types; 
extremely dark checker has been termed the “T” t5T)e. Another condition 
which Jones (1922) named “sooty” has often been lumped with checker. 
Specimens showing the various patterns are well illustrated in the works 
of Whitman, Jones, and Bol. 

The patterns differ from each other only in the amount and position of 
coarse spreading. The barless pattern lacks it almost entirely; the other 
patterns show in serial array increasing invasion in the wings, the crop, 
and finally nearly all the body feathers anterior to the tail. 

Jones considered the patterns “barless,” “bar” (wild type), “sooty,” 
“checker,” and “T” as independently inherited but forming an epistatic 
series. Bol considered them to be alleles. Neither gave due treatment of 
intermediate conditions, and the evidence for their respective hypotheses 
is insufficient. 

From the above studies we can accept two conclusions: that despite a 
perfectly graduated series of patterns, sharp segregations occur frequently; 
and that in general dominance is parallel to the amount of “spreading” 
involved in the pattern. 

A restudy of the problem has been made. It seemed obvious at the 
start that the “sooty” type is not homologous with the other patterns, 
since “spreading” occurs along the shaft and end of affected feathers. In 
other patterns spreading encroaches from the side toward the shaft. Since 
no satisfactory source of sooty was available at the time, this type has not 
been studied further. 

Breeding data obtained in the study of the patterns are summarized in 
table i. Barred birds, of several color classes, and chiefly of Homing pigeon 
ancestry, have been used as the wild type pattern. In all cases they have 
been ts^pical, but not entirely alike. A family of barless Strassers and a 
checker Strasser cock whose dam was barless constituted the source of the 
Wless character. 
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Two matings of barless male by bar female gave 16 offspring, all barred. 
Some tendency to narrowness and shortness of the bars was observable. 
Three matings of the Fi produced 47 F^; of these only seven were barless. 
In the others the character of the barring was decidedly variable, the bars 
being mere rudiments in two cases. That a single factor differentiates bar- 

Table I 


Results of matings involving T~patterny checker^ bar, and barless. 


MATING 


PHENOTYPE OF 

OFFSPRING 



C 

4 c 

BarlessX++ (bar) 



16 

FiXFi 



40 7 

T pattern (origin 238oF)X++ 

33 


31 

T-pattem (origin 2707.1) X 4-+ 

4 


6 

Medium checker (origin 7-2g-i)X++ 


II7 

131 

Checker, heavy grade (origin 2267N)X+4- 


25 

rp 

Checker, light grade (origin 2835.1) X 4+ 


7 

5 

T-pattern (origin 238oF)X barless 

3 


6 

Fi T-pattern X barless 

18 


17 

T-pattem Xchecker (medium, heterozygous 




for bar) 

8 



Fi (T-pattern) X 4+ 

27 

25 



8 


10 


35 

35 


Checker (origin 8-33-14) X barless 


6 

4 

Checker (origin 8-33-14) X 44 


3 

6 

Fi barXFi bar 



9 I 

T-pattem (origin 23 80F) Xchecker (medium, 




heterozygous for bar) 

23 

10 

6 

T-pattem (origin 2707.1) Xchecker (medium, 




heterozygous for bar) 

3 

I 

I 

Fi T-pattem X44 

24 


26 

Medium checkerX44 


32 


FxX44 


19 

19 


less from barred is not excluded by these facts, but the presence of modify- 
ing factors must be considered. 

The backcross method is more suitable for analytical purposes and has 
been used in most of the remaining work. Two birds of unrelated stock 
form the sources of all T-pattem birds used: one, 2707.1, was heterozygous 
for bar; mated with bar he gave ten squabs, four T-pattem and six bar. 
The other, 22S1F, was not heterozygous for bar, since in a mating (2380) 
with a bar female none of the eight offspring were barred. A daughter, 
2380F, was mated with a bar male. Of sixteen offspring nine were T and 
seven bar. Some of the former were crossed with bar, and the process 



repeated for two more generations. Of a total of 64 offspring so produced, 
33 were T-pattern or very heavy checker, and 31 bar. No definite distinc- 
tion between T-pattern and very heavy checker seemed feasible, and since 
on a two-factor basis a ratio of 48 : 16 would be expected, it seems clear that 
T-pattem and very heavy checker are, in this case at least, slightly different 
expressions of one dominant factor. 

In a similar study three checkered birds were sources of separate fami- 
lies. All three birds were heterozygous for bar. One was a heavy grade 
male, 2267N; another was a medium heavy grade female, 7-29-1; the 
last was a very light grade male, 2835. r. In each family approximate equal- 
ity of checker and bar descendants was obtained. The factor for checker in 
each case then behaved as a simple dominant. But instead of a regression 
to a common modal condition for all families, it was found that the con- 
dition in each family was similar to that of its source bird. The family 
derived from 7-29-r was the largest and most varied; the modal condition 
here was medium grade, but some individuals were fairly light, and a few 
even heavier than the source bird. 

The conclusion is that a different chief factor or allele for checker was 
introduced by each source bird, but that modifying factors are capable of 
shifting the grade of the checker to some extent, as in the case of the T- 
pattem. At the extremes of this variation the phenotype of one factor may 
overlap that of the next higher or lower grade factor and the highest may 
even be confused with T-pattern. It is advisable then to use breeding 
tests to classify intermediate individuals of unknown origin. 

To determine whether the more distinct types (barless, medium checker, 
and T-pattem) might be allelic, tests were made as follows. A female, 
2670J, T-pattern (heterozygous for bar) and descendant of 2380F, was 
crossed with a barless male Strasser. Nine offspring resulted — three very 
heavy check and six barred. The former were back-crossed to barless 
Strasser, producing 18 very heavy check and 17 barless. Barless and the T 
factor from 2380F are therefore alleles. The male 22S1F (homozygous T) 
was crossed with a medium grade checker heterozygous for bar. Seven 
offspring (all T-type) were mated to bar. Five produced 52 offspring, of 
which 25 were medium grade checker and 27 T-pattern or very heavy 
checker. The other two produced a total of eighteen young, of which ten 
were barred and eight T-pattem or very heavy check. Therefore the T 
factors from 2251F are allelic with the medium-grade checker factor. 

Only one mating was made to test the aUelism of checker with barless. 
The checkered Strasser 8-33-14, whose dam was barless, was mated with 
barless. Of the ten offspring, six were checker and four barless. 

To sum up; T-t3q)e, heterozygous, by other types gave 143 T:i39 
ottes. Checker, heterozygous, by bar or barless gave 178 C:i87 others. 
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Bar, heterozygous for barless, inbred, gave 49 bar: 8 barless (expectation 

43:14)- 

In all tests aUelism of these three patterns is found. There is little reason 
to suspect a different mode of inheritance in the other cases although they 
have not been tested. 

The above findings explain the results of a number of other available 
matings. Two matings of T-t)T)e, heterozygous for bar, by medium grade 
checker, also heterozygous for bar, gave 26 T:ii checker: 7 bar (expecta- 
tion 22:11:11). Two T-type offspring crossed to bar, gave a total of 50: 

Table 2A 


Results of matings imohing opal. 


MATING 


PHENOTYPE OF OFFSPRING 



INFERTILE, 

DEAD 




DEAD 

YOUNG, 

4 - 

OPAL 


EMBRYO 

ETC. 



Opal X opal 

136 

87 


261 

opal male X 4 - 4 -female 

II 

16 

113 


+ 4 -male X opal female 

25 

19 

20 


Opal maleXFi female (or equivalent) 

63 

100 

300 

25S 

Fi male (or equivalent) X opal female 

IIS 

57 

133 

134 

FiXFi (or equivalent) 

Totals: 

8 

10 

49 

21 

in outcross 



133 


in back-cross 



433 

392 


24 T and 26 bar. Male 8-33-14, checker heterozygous for barless, when 
mated with a bar gave nine young — three checker and six bar. The latter 
barred birds carry the barless factor. Two of them were inbred, and did 
produce a barless squab, but as in the previous case of barred carrying 
barless, the ratio is poor (9 barred : i barless) , and variability of the barring 
was marked. Homozygous checker 8-33-6 mated with bar produced 32 
offspring, aU checker. No marked difference between the homozygote and 
most of his heterozygous offspring has been found. These in turn mated 
with bar gave a total of 19 checker and 19 bar. 

The s3Tnbolization of the factors in this allelic series as suggested by 
Jones and by Bol seems at present undesirable, de Haan’s (1933) method 
will be followed in general. Barless will be c, checker C, and T-pattem C^. 
The dominance relations in the series may be represented as follows; C^> 
C> -f- 

“bleached” colors 

The “bleached” appearance of the “ash” plumage is imitated to 
some extent by four new factors. These have been given the names “opal,” 
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i8 

“dominant opal,” “faded,” and “milky.” Experience and the use of suit- 
able breeding methods are necessary in differentiating these types from 
each other as well as from 


Opal 

“Opal” seems widely distributed in Homing pigeons, since it has been 
obtained or observed by the writer in many separate flocks. Probably 
Whitman (1919) was dealing with it in his chapter on “Color and Weak- 
ness in Homers” (vol. II, chap. IX). Figures representing the condition 
are given in his vol. I, plate V, A and B. Whitman considered the cause 
of any such color to be low vigor in one or both parents. 

In appearance most opal birds are faded black to grayish ashy in the 
regions of “smooth” spreading; the remiges generally show less “bleach- 
ing” than the tail band. The “coarse” spread areas generally exhibit a 
distal edge which is blackish, while proximally a narrow ashy line and then 
reddening are found. Clumped areas of the wing plumage are practically 
normal (blue) except in the more extreme cases; in these the clumped areas 
are bleached out also, resembling the condition found in The blue of 
the rectrices and tail coverts, however, becomes bleached to some extent 
in aU cases. 

Breeding data involving opal are given in table 2a. Since in outcrosses 
no opals were produced the character is recessive; in F2 it occurred in a 
frequency of 30 percent, with standard deviation of 5.47 percent. In the 
backcross the opals are slightly in the minority but chance can easily 
account for the discrepancy. And finally, opals breed true. The inheritance 
is therefore definitely monofactorial; the symbol 0 will be used. 

Variability in the degree of “bleaching” in opal birds is most striking. 
Almost every case shows slight banding of the feathers, representing varia- 
tion in effect at different times while the pigment is being deposited. Defi- 
nite “banding” is frequent, and easily induced by starving. The starvation 
period is marked by a very light bar across the feathers. Riddle (1908, 
P- 3 S 7 ) states that “pale-colored” pigeons are most suitable for studies of 
“fundamental bars.” Opal birds were observed by the writer in Riddle’s 
“family 133.” At the time. Riddle commented that such a color type was 
referred to by the term “pale-colored.” 

Opals sometimes also exhibit marked change of color at different molts. 
Since such variation seemed due to physiological states, a test was made 
to see whether thyroid feeding would have similar effect. A male with 
little “bleaching” was chosen, 263 2F. Secondary covert feathers were 
removed from both wings. Five days later, just before the new quills 
<»me throu^ the skin, feeding of capsules of thyroid powder (Armour’s, 
0.2 percent iodine) was started. Two doses a day of .15 gram each were 
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given over a period of five days. By this time the feathers were well out of 
the skin and pigmentation nearly complete. These feathers were much 
more bleached than the previous set; the new ones were removed two 
weeks after cessation of thyroid feeding. The next regeneration (no thy- 
roid feeding) grew in dark again. 

In another case the same total amount of thyroid (1.5 grams) was given 
to a dark opal male, 2730D, in one dose. Apparently its effect wore off 
before pigmentation of new feathers began, since they were dark. 

If the first case above is to be considered significant, it may be surmised 
that the activity of the birds’ own thyroid is correlated with the variability 


Table 2B 

Reproductive behavior of females in opal matings. Standard deviations given- 


TYPE OF FEMALE 

TOTAL EGGS 

INFERTILE?, 

DEAB 

EMBRYO 

% 

BROKEN EGGS, 

DEAD 

YOUNG 

% 

snsvivoES 

% 

Normal 

964 

8 . 6 ± .9 

13-0+1.08 

78.4fl.32 

Opal 

956 

22.1 + 1.11 

i5*3±i*i6 

62.6+1.57 

Extreme opal 

122 

S 3 - 3 ± 4 -S 

i 3 *i± 3 -o 

33 - 6 ± 4.3 


of opal. Just how much of the variation can be accounted for on this basis 
is questionable since the “extreme” opals (closely resembling B^) do not 
show any fluctuation at different molts or in the individual feathers. The 
possibility that the extreme condition is due to another opal allele has no 
genetic support at present. 

Opal females have been decidedly poor breeders, as is shown in table 
2b. The chief point of trouble seems to be the egg; no matter what kind 
of male is involved, apparent infertility and embryonic death is consider- 
ably greater than in eggs from females of other colors. It seems unlikely 
therefore that the genot3q)e of the embryo is responsible. Further evidence 
in this direction is afforded by the fact that once hatched, opals and other 
squabs seem equally hardy, and that the segregation ratios are approxi- 
mately correct for a simple recessive. 

Opal has been foimd closely linked with the locus of the pattern series 
treated earlier in the paper; the details of this study are to be published 
separately. 

Dominant opal 

A coloration known to fanciers as “white bar” or “white checker” (ac- 
cording to the pattern) in the Strasser breed greatly resembles the ordinary 
opal, though less reddish appears in the wing pattern: also, the bleaching 
is often more obvious in the primaries than in the case of recessive opal. 
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Illustrations of Strassers of this color may be seen in Wittig part VI, 
PP- 33-37- 

One male Strasser of this type, 8-33-14, has been the source of the type 
in this study. The breeding data are summarized in table 3. No inbreeding 
was practiced, and therefore no homozygotes produced. About half the 
offspring of affected parents were of the type; a female (2694D) produced 
daughters of the color. The trait is then dominant and autosomal, and 
will be termed “dominant opal,” with the symbol Od. 

This same female, 2694D, being the daughter of a recessive opal dam, 
is heterozygous for 0. Backcrossed to an opal male, she gave 22 offspring; 
among them was one wild type, and six were apparently the combination 
of both opal types. Dominant opal is therefore not an allele of recessive 
opal. The expression is not nearly so variable as in the case of recessive 
opal. Occasionally a few small reversionary (blue or black) flecks have been 
observed in the plumage. 


Faded 

A third “bleached” coloration type was kindly given the writer by 
Dr. H. W. Feldman from the pigeon colony at the University of Michigan. 
The ancestry was Tippler X Parlor Tumbler; probably the latter was the 
actual source of the trait, but the coloration has not been given a name by 
fanciers. The phenotype resembles a low-grade opal in many respects, but 
the clumped areas are more definitely bleached. The plumage of both 
sexes shows frequent reversionary (blue or black) flecks. 

One male, 2707.1, was used. The procedure followed was the same as in 
the case of dominant opal, repeated outcrosses, and testing for allelism 
with recessive opal. Here again dominance was demonstrated. As yet no 
females have been bred, so that whether the trait is sex-linked or not is 
unknown. At any rate the factor is not an allele of recessive opal; it will 
be given the name “faded,” and the s3rmbol Of. A summary of the breeding 
data is given in table 3. 


Milky 

The last t3q)e of “bleached” coloration to be discussed here has been 
given the name “milky.” The origin was a single male street pigeon, 
8-33-15; no other sources of the trait are yet known. It has proved very 
uniform in phenot3rpe, the “bleaching” always being quite pronounced, 
with little reddening in the “coarse” spread pattern. 

The original male was crossed with a blue and with an opal, respectively; 
aU progeny were blue. He was mated with a daughter, and produced eight 
young, only one of which was milky. Matings of the Fi however, gave a 
fair 3:1 segregation (table 3). No other information is available on this 
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trait, but it seems safe to assume that a simple recessive autosomal factor 
is responsible, not an allele of opal; the S3anbol my will be used. 

Smoky 

Smoky” plumage color is well known in several breeds of pigeons and 
occurs sporadically in many others. In this study the trait has been intro- 
duced by several Homing pigeons and by the Archangel breed. Smoky 


Table 3 

Results of 7 natings involving dofninant opal, faded, milky, a^id smoky. 


MATING 


PHENOTYPE OP OFFSPRING 





DOM. OPAL 



-1- 


Dominant opalX++ 


27 



30 



Od 


m 

-1- 


0 

Dom. opal X recessive opal 

3 



4 



Fi dom. opalXrec. opal 

6 


6 

1 


9 



Faded 



+ 


FadedX+-i- 


16 



10 


Faded X recessive opal 


2 



3 



Of 


(.Of) 

+ 


0 

Fi faded X recessive opal 

s 


S 

6 


4 



+ 



my 


Milky X++ 


9 





MilkyXrecessive opal 


7 





FiXFi 


23 



9 


FiXmilky 


7 



I 




+ 



sy 


smoky X++ 


78 





Fi (or equivalent) XFi 


148 



46 


Fi (or equivalent) X smoky 


44 



45 


Smoky X smoky 





78 



birds have light skin and base of beak, especially noticeable in squabs; 
the wing pattern is blurred through a darkening of the blue portion and 
less richness of the “coarse” spreading. The bluish tip edges of the rec- 
trices are accentuated, and the albescence under the wings, on the rump, 
and in the outer rectrices is replaced by slaty blue. 

This group of features was found to breed true in all cases. Other 
breeding data (table 3) show that a single factor is responsible for this 
syndrome. In the heterozygous condition the beak is slightly light, and there 
may be slight loss of albescence, or accentuated blue-tipping of the rec- 
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trices, but the trait may best be treated as a recessive. It is symbolized sy. 

Modern Carriers, Barbs, and Magpies seem all to be smoky, according 
to show standards and numerous examples which the writer has observed. 
In addition, the ordinary varieties of Archangel seem always smoky. 

Staples-Browne (1908) used the Barb in some of his crosses. Two 
“blue” segregates are pictured in his paper (plate V) ; the one on the left, 
except for beak color, which may have been darkened by sunlight, seems 
a typical smoky in the T-pattem. 

COMBINATIONS 

Despite the fact that all the eight factors described have to do with 
only one general process, namely pigmentation, most of the combinations 
which have been obtained have not usually been difficult to detect pheno- 
typically. Generally the phenotype may be predicted from knowledge of 
the effects of the single factors. 

In combinations of C or its alleles with 5 and with e, the latter are epista- 
tic. 

Combinations of recessive opal with b, d, and e have generally been 
difficult to classify as opal without breeding tests, but many individuals 
show unmistakable bleaching. 

The combination of recessive with dominant opal resembles the domi- 
nant opal mainly, but also possesses certain features of the recessive opal 
which are recognizable with experience. 

In the combination of recessive opal with faded, a more or less additive 
effect is seen; the general appearance is recessive opal with marked bleach- 
ing of the clumped areas as well. 

Smoky in combination with S gives a rich, even black; the base of the 
beak is light. It is very easy to confuse the homozygous and heterozygous 
conditions, and it is safest to classify such specimens by breeding test. 

Smoky is even more difficult to recognize in combination with e; the 
lack of typical albescence is characteristic, especially in the rectrices, but 
the phenot)T)e is mainly that of e. 

SUMMARY® 

A series of at least three alleles has been shown to be concerned in the 
inheritance of the patterns involving the extent of one phase of pigmenta- 
tion. These are c (barless), C, (checker, medium grade), and C®" (T-pattern 
and very heavy checker). The variability in expression of C and C®* seems 
to be due to modifying factors. Other alleles are indicated but not proved 
to exist; variability hinders their recognition. 

. * Detailed data have been filed in the editoiial office of Genetics and may be consulted by 
'MjJnne interested; they are also to be found in the writer’s thesis (University of Wisconsin, 

1937). 
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Four factors responsible for “bleached” phenotypes somewhat similar 
to that produced by the sex-linked factor have been identified. Opal 
and milky are recessives, while Dominant opal and Faded are dominants. 
The first three are autosomal; Faded has not been tested for sex-linkage. 
Opal is not an allele of the other three; it is closely linked with C and its 
alleles. Furthermore, poor hatchability has been observed with eggs pro- 
duced by females of the opal type. Opal is the most variable of the four 
factors studied; a large share of the variability seems the result of meta- 
bolic variability during feather growth. 

The color modification smoky has been found to be a simple autosomal 
recessive; it is apparently a characteristic color feature of several breeds. 
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D uring a study of color inheritance in the domestic pigeon three 
autosomal factors have been found to be linked. In a preliminary 
report (Hollander 1936) certain statements were made which must be 
modified in the light of additional data. 

Previous authors have failed to demonstrate any autosomal linkages in 
the pigeon. Christie and Wriedt (1923) attempted to show a linkage 
between white-tail and saddle or shield pattern, but the characters were 
not proved simple and the numbers were too small for significance. 
Crossing-over between sex-linked factors has been reported by Cole and 
Kelley (1919), Christie and Wriedt (1925), Steele (1931), and Hawk- 
ins (1931). 

Jones (1922) gave results of ten backcross matings involving the segre- 
gation of black ( 5 ) and checker (C); the characters are both dominant to 
the wild t3T5e or “blue bar.” From the ten matings 73 offspring were ob- 
tained; of them, 41 lacked S. Since the 5 factor is epistatic to C, only these 
41 can be utilized in estimating a possible linkage. A review of the an- 
cestry of the heterozygotes used in the matings has shown that all are in 
the coupling phase. There appears to be a suggestion of linkage : female 
heterozygotes produced six checker and 13 bar progeny, and males nine 
checker and 13 bar. 

The same factors have been used in the present study. In addition, the 
T-pattern, a dominant allele of checker (C^’) and a third factor, “opal” 
color (0) have been included (Hollander 1938). 

A few other color factors have occasionally come into the tests. These 
are (ash, sex-linked) ; h (chocolate, a recessive allele of B^); d (dilution, 
sex-linked); e (recessive red); G (grizzle); Od (dominant opal, not an 
allele of o)\ Of (faded); and sy (smoky). The combinations of the color 
factors which were encountered were seldom confusing. However, epista- 
sis of ash, dilution, and recessive red over opal, and of recessive red over 
5 and C, necessitated leaving a few birds unclassified, except when further 
breeding tests have revealed their constitution (Hollander 1938). The 
results may be summarized as follows: 

1 Paper from the Department of Genetics, Agricultural Experiment Station, University of 
Wisconsin, No. 221. Published with the approval of the Director of the Station. 
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MALE HETEROZYGOTES FEMALE HETEROZYGOTES 


REGION 

NON- 

CROSS- 

OVERS 

CROSS- 

OVERS 

% 

CROSS- 

OVERS 

NON- 

CROSS- 

OVERS 

CROSS- 

0 \’ERS 

% 

CROSS- 

OVERS 

5-C(C^) 

28 

23 

4S-i±7-o 

83 

13 

I3-S±3-S 

S-0 

19 

23 

S4-8±7-S 
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19 

iS-7±3-3 

C(C^-o 

99 

7 

6.6±2.4 

251 

6 

2-3± -9 


Male heterozygotes have given definite evidence for linkage only in 
the case of C with 0^ while females show definite linkage in each test. The 
figures are so significant that we are driven to conclude that a sex differ- 
ence in crossing over exists. 

Three-point tests have also been made. Analysis into the component 
two-point data is summarized as follows: 


MALE HETEROZYGOTES FEMA.LE HETEROZYGOTES 
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CROSS- 

OVERS 
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NON- 

CROSS 

OVERS 

CROSS- 

0\rERS 

% 

CROSS- 

0 \TERS 

5-C(C^) 

29 

21 
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57 

12 
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S-0 

49 

38 

43-7±S-3 

100 

25 

20.o±3.6 

C{C^)-o 

43 

4 

8 .s± 4 .i 

67 

2 

2. 9 + 2.0 

These values are 

very similar to those from the two-point tests. When 

all the data are combined, values are obtained as follows: 


5-C(C^) 

57 

44 

43 * 6 ± 4-9 

140 

25 

15.2 + 2.8 

S-0 

68 

61 

47-3±4-4 

202 

44 

17-9 + 2.4 

C{C^-o 

142 

II 

7. 2 + 2.1 

318 

8 

i. 5 ± -9 


The factorial order indicated by the above values is 5 , C, 0, although the 
difference between S — 0 and 5 — C is so small that it is not in itself statis- 
tically significant. However, there is another basis for assuming the same 
order. In the three-point tests one crossover class was contributed to 
only by male heterozygotes; this probable double crossover class also 
indicates the factorial order 5 , C, 0. 

In figure i chromosome maps based on the order assumed and utilizing 
the total crossover frequencies for S — C and C — separately for each sex 
of heterozygote, are shown. It is quite likely that the actual map distances 
shown are too short in the region S — C, because of double crossing over, 
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but the positions of the factors can only be marked approximately at 
best.2 


S Co 



S ‘ Co 



Figure i. Sketches of the probable order and map distances, A. 
from female heterozygotes, and B. from males. 

DISCUSSION 

The high rate of embryonic death in many of the matings of male 
heterozygotes deserves comment. The high crossover percentages in males 
cannot be explained by differential mortality since opal females, also in- 
volved in such matings, have been found to give eggs of poor hatchability 
much more frequently than other females, no matter what type of male 
is used (Hollander 1938). 

From the linkage data it is clear that in the case of this autosome, 
female heterozygotes show between one-fourth and one-third as much 
crossing over as males. Whether this is true for the other autosomes is as 
yet unknown; in other organisms which have been investigated, the chro- 
mosomes are fairly consistent with each other in this respect. 

The pigeon might be expected to resemble the fowl in its sex difference 
of linkage intensity, but such is not the case according to data at present 
available. The male fowl has slightly less crossing over than the female 
(Warren and Hutt 1936). Drosophila ordinarily shows no crossing over 
in the male, while the silkworm moth is reported to have none in the 
female (Sturtevant 1915). Mice and rats show somewhat less crossing 
over in males than in females (Gates 1931). The pigeon then seems to 
stand alone among animals whose linkage phenomena have been studied 
in its marked reduction of crossing over in the female. 
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INTRODUCTION 

T he linear arrangement of genes within chromosomes is constant 
from generation to generation in each line of descent. The degree of 
this stability is comparable to that of the gene structure; genes change 
by mutation, chromosomes change by the occurrence of chromosomal 
aberrations. Strains and races of the same species, as well as distinct 
species, may differ in gene arrangement. One of us (Sturtevant 1917, 
1931) has shown that strains of Drosophila melanogaster coming from the 
same or from distinct geographical localities may differ in having blocks 
of genes rotated by 180° (inversion). The method of detection of inver- 
sions used in these early studies was based chiefly on observations on the 
strength of linkage in hybrids between different strains, but the laborious- 
ness of this method limits its applicability. The discovery of the salivary 
gland chromosome method has rendered the task much easier. Tan (1935) 
in Drosophila pseudoolscura, and Dubinin, Sokolov and Tiniakov (1936) 
in melanogaster have observed numerous inversions in hybrids between 
strains and races. Dobzhansky and Tan (1936) and Dobzhansky and 
Bauer (unpublished) have found extensive differences between the gene 
arrangements in two pairs of species of Drosophila, namely pseudoobscura 
and miranda, atkabasca and azteca. 

In the present article we shall report the results of comparisons of the 
gene arrangement in the chromosomes of strains of D. pseudoobscura com- 
ing from different geographical regions. This species has five pairs of 
chromosomes; one of them, the third, is especially variable in the gene 
arrangement. Other chromosomes are relatively more constant, yet some 
variation has been observed in every chromosome, except the small fifth. 
Some of the gene arrangements are encountered in populations inhabiting 
a major part of the species area, while others are more restricted in their 
distribution. In many localities the population is mixed with respect to 
the chromosome structure, and inversion heterozygotes are very common 
in nature. Moreover, as pointed out in our preliminary communication 
(Sturtevant and Dobzhansky 1936a), a comparison of the different 
gene arrangements in the same chromosome may, in certain cases, throw 
light on the historical relationships of these structures, and consequently 
bn the history of the spedes as a whole. 

* cost of Plate i is paid for by the Galton and Meudel Fund. 
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MATERIAL AND METHODS 

In the salivary gland cells of many Diptera, including Drosophila, the 
homologous chromosomes undergo a very intimate pairing. It is now clear 
that this pairing is due to a mutual attraction between the homologous 
loci in the chromosomes rather than between chromosomes as wholes. 
Two chromosomes containing the same genes arranged in identical linear 
orders fuse to form a double strand in which homologous loci lie on ex- 
actly the same levels. Pairing of chromosome sections having dissimilar 
disc patterns (and consequently dissimilar genes) is never observed, at 
least in our species. If the gene arrangements in two chromosomes are 
not identical, the homologous discs still tend to become associated, forc- 
ing the chromosomes to form at times very complex pairing configura- 
tions. For example, if two homologous chromosomes have a section in- 
verted, a loop-like configuration appears in the salivary gland cells (fig. i). 

This chromosome pairing furnishes an easy and accurate method for 
comparison of the gene arrangements in different strains of the same 
species, or in different species if these can be crossed. A strain is selected 
the gene arrangement in which is arbitrarily chosen as a standard. Strains 
to be tested are crossed to the standard one, and the chromosomes are 
examined in the salivary glands of the larvae of the first generation hy- 
brids. If the strains crossed are identical with respect to gene arrangement, 
all the chromosomes in the hybrids are represented by paired strands radi- 
ating from the chromocenter. If the gene arrangements are different in 
any respect, some of the chromosomes in the hybrids show abnormal 
pairing configurations, from the appearance of which the precise nature 
of the difference can be deduced. 

The procedure just outlined has been followed in the present investi- 
gation, A strain of race A of D. pseudoohscura carrying the third-chromo- 
some recessives orange and purple was chosen as a standard, and the 
chromosomes in the hybrids between this and various other strains have 
been examined. As a rule, orange purple females have been crossed to 
males from the strains to be tested. The presence of the recessive mutant 
genes has served as a check against the possible non-virginity of the 
mothers. Tests of the race B strains were usually performed by crossing 
them to a race B strain from Klamath, California, homozygous for orange. 
The Klamath strain of race B differs in the gene arrangement from the 
standard race A strain, but the nature of the difference being known, the 
results obtained may be translated in terms of the standard race A ar- 
rangement. 

The known distribution area of pseudoalscura extends from the Pacific 
coast to the Rocky Mountains, the western edge of the prairies, into 
central Texas, and from central British Columbia to southern Mexico. In 
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recent ye8.rs 3. fairly large collection of strains of this species has been 
accumulated in this laboratory. The wild ancestors of these strains have 
been collected out of doors with the aid of traps containing fermenting 
banana mash. Both females and males come to the traps; a majority of 
the females are already fertilized by one or more males before coming to 
the traps. Each laboratory strain is derived from a single wild female. In 
most localities where collecting has been done several strains have been 
isolated. The strains are designated by the name of the locality in which 
their wild ancestors have been collected, and by serial numbers. Thus, 
“Taos-4” is the strain No. 4 from Taos, New Mexico. 

Examination of the chromosomes in the hybrids between the standard 
strain and strains coming from various geographical localities furnishes 
qualitative, as well as roughly quantitative, information regarding the 
kinds of gene arrangements encountered in the populations inhabiting 
these localities. For a more precise quantitative analysis of wild popula- 
tions this technique is however unsatisfactory, since the variety of gene 
arrangements originally present in a given strain may be decreased if this 
strain is kept in the laboratory for many generations. Therefore, the rela- 
tive frequencies of the different gene arrangements in some localities have 
been determined by a different method. Wild males collected out of doors, 
or single sons of wild females, are outcrossed to the standard orange 
purple females, and the chromosome configurations are studied in several 
hybrid larvae from each cross. If the wild fly was a structural heterozy- 
gote (for example, if it had one third chromosome differing from the other 
in gene arrangement), at least two types of hybrid larvae must appear. 
This has been observed in many instances. Sometimes all hybrid larvae 
examined are alike, which may be due either to the parents being structur- 
ally homozygous, or to the smallness of the sample tested. The following 
convention was therefore adopted: if three or more larvae from a given 
cross have been examined and found to be alike, the tested individual is 
regarded as having been structurally homozygous; if less than three lar- 
vae have been examined and only one type was found, only one chromo- 
some is assumed to have been tested. It may be noted that in most cases 
six or seven larvae were examined from each cross. 

Cytological examination has been made mostly on temporary aceto- 
carmine mounts. This method is unrivalled as a time-saving device, and 

ExpiANAXtoN OF Plate 1 

Plate I. — Above — a map of the standard gene arrangement in the third chromosome of 
phOa psmdoabscura, showing the division into the sections and sub-sections, and also the loci of 
the bteahag^ in some of the inversions recorded in this chromosome. Below — configurations ob- 
?et^ in the third diromosome in various inversion heterozygotes. The scales (40 and 50 micra) 
,HsJKate the magnification used for mafcir^ the drawings of the standard map and of the other 
W^garat&am ieq>ectiveiy. 
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moreover fresh temporary mounts are frequentty superior even to the 
best permanent preparations. The drawings of the chromosomes repro- 
duced below were made with the aid of a camera lucida, under the magni- 
fication of 90 X objective, 10 X ocular (Zeiss). The map of the standard 
third chromosome (Plate i) is a composite drawing made up of several 
separate ones representing the given part of the chromosome most clearly. 
The magnification here is 1 20 X objective, 10 X ocular. In all the drawings 
which are not composites the parts of the chromosomes in which the disc 
patterns were not clear enough in a given preparation are represented 
by dotted outlines only. In general, cells in which the amount of pairing 
of homologous chromosome sections was at its maximum were selected for 
making the drawings. 

GEOMETRICAL CONSEQUENCES OF MULTIPLE INVERSIONS 

The occurrence of an inversion in a chromosome leads to the emergence 
of a ^^new’^ chromosome having a modified gene arrangement. This ^^new” 
chromosome may, in turn, undergo further change due to another inver- 
sion, or due to a translocation, deficiency, or to some other chromosome 
aberration. The occurrence subsequently of several inversions in the same 
chromosome may, theoretically, lead to particularly interesting results, 
which should be considered before the data on the gene arrangement in 
the chromosomes of D. pseudoohscura are presented. 

Assume that a chromosome has genes arranged in the order ABCDEF. 
An inversion of the section containing the genes from B to E inclusive 
gives rise to a chromosome AEDCBF. If the original and the derived 
chromosome are present in the same individual {inversion heterozygote), 
a configuration resembling that shown in the upper right comer of figure 
I will be formed in the salivary gland cells, 

A chromosome once changed by an inversion may undergo a further 
change due to another inversion. The location of the second inversion 
with respect to the first may vary. Three possibilities present themselves, 
(i) The second inversion may occur in the part of the chromosome not 
affected by the first. A chromosome ABCDEFGHI may be changed first 
to AEDCBFGHI and then to AEDCBFHGI. An individual heterozy- 
gous for ABCDEFGHI and AEDCBFHGI will have in its salivary glands 
a chromosome forming a double loop shown in figure i, second line from 
above. Such inversions may be termed independent. (2) An inversion may 
take place wholly inside of the region affected by another inversion, or it 
may include that region. The chromosome ABCDEF changes first to 
AEDCBF and then to AECDBF, or else the change is ABCDEF-^ 
ABDCEF“>AECDBF. Such inversions may be called included ones. An 
individual having chromosomes ABCDEF and AECDBF is expected to 
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have in its salivary gland cells a double loop configuration shown in fig- 
ure I, second line from below. (3) The second inversion may have one 
end inside and the other outside of the region included in the first inver- 
sion. For example, the chromosome ABCDEFGHI may change consecu- 
tively to AFEDCBGHI and to AFEHGBCDI. Such inversions may be 
described as overlapping ones. The chromosome configuration expected 
to appear in the salivary gland cells of an individual heterozygous for 
overlapping inversions is like that shown in figure i, lower right comer. 




Figure i. — schematic representation of the pairing of chromosomes differing in a single or 
a double inversion. Above—a single inversion; second from above— two independent inversions; 
third from above— two included inversions; below— two overlapping inversions. Further explana- 
tion in text. 

Overlapping inversions deserve an especially careful consideration. Sup- 
pose that three gene arrangements, ABCDEFGHI, AFEDCBGHI, and 
AFEHGBCDI, are encountered in a species. The first of these arrange- 
ments might have originated from the second through a single inversion ; 
Or else, the first might have given rise to the second, likewise through a 
single inversion. Similar relations exist between the second and the third 
of these arrangements: each of them might have originated from or given 
rise to the other by means of a single inversion step. But the supposition 
the first has originated from the third, or vice versa, leads to great 
difficulties, which can be obviated only by supposing that the change has 
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been accomplished in two steps, the second arrangement being the inter- 
mediate stage. Indeed, in order that the chromosome ABCDEFGHI may 
become transformed at once into AFEHGBCDI, or vice versa, the chro- 
mosome must become broken simultaneously in four places: between A 
and B, D and E, F and G, and H and I. The occurrence of such a mul- 
tiple breakage is in itself not very difficult to visualize, since such com- 
plex breakages have in fact been observed in some X-ray experiments 
with Drosophila. Whether they occur also without X-ray treatments is 
for the time being an open question. Much more important is the fact 
that the fragments of a chromosome broken in four places may reunite in 
a variety of ways: AGHEFBCDI, AEFBCDHGI, AEFHGBCDI, AFE- 
HGBCDI, and others, all of which are theoretically equally likely to 
occur. 

If the three arrangements, ABCDEFGHI, AFEDCBGHI, and AFE- 
HGBCDI, are all observed to occur in nature, the probability of the di- 
rect origin of the first from the third, or vice versa, becomes almost nil. 
Indeed, this would involve the assumption that due to a mere coincidence 
the chromosome has been broken at exactly the same two places on at 
least two separate occasions. Since a chromosome of a moderate length 
may undergo breakage presumably at hundreds or even at thousands of 
points, such coincidences must be extremely rare. Even if the supposition 
is made that certain points in the chromosome are more likely to break 
than others, the coincidence of two breaks at exactly the same loci re- 
mains improbable, for at least some chromosomes are known to have 
undergone breakage at many points. It follows, then, that the phylo- 
genetic relationships of the three gene arrangements represented above 
must be 1-^2— >3, or 3— >2— >1, or i<— 2— >3, but not i<=^3. In other words, 
although we can not determine directly which of the three arrangements 
is the ancestral and which are the derived ones, if any one is selected as 
the original then the course of the evolution is thereby fixed. 

If only the first and the third arrangements are actually observed to 
occur in nature, then the second may be postulated theoretically as a 
form that either has lived in the past but has become extinct, or else is 
still living but has not been discovered. For if the change from the first 
to the third arrangement has taken place in two steps, each involving a 
single inversion, there could have been but a single intermediate, namely 
the second arrangement. Among the seventeen gene arrangements that 
are known in the third chromosome of pseudoobscura, at least one ar- 
rangement has been so predicted, and subsequently discovered to occur 
on Santa Cruz Island, off the coast of California, and in some other places. 

The geometrical properties of the overlapping inversions that render 
them amenable to a phylogenetic analysis of the sort just outlined are not 
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found in the independent and the included ones. If only two sequences, 
ABCDEFGHI and AEDCBFHGI, are encountered, their genetic re- 
lationships are ambiguous. Supposing that inversions occur one at a time, 
the relationships ABCDEFGHI?^AEDCBFGHI?^AEDCBFHGI and 
ABCDEFGHI?:±ABCDEFHGI?:±AEDCBFHGI are equally probable. 
In other words, the intermediate steps in the phylogenetic series can not 
be reconstructed with a sufficient degree of assurance, while such a re- 
construction is practicable for overlapping inversions. If one of the 
two theoretically possible intermediates (that is, AEDCBFGHI or ABC- 
DEFHGI) is actually encountered in nature, it is of course likely that it, 
rather than its alternative, is the actual connecting link between the two 
end members of the series. But even in this most favorable case the 
method remains less precise than it is for overlapping inversions; it is pos- 
sible, for example, that the arrangement ABCDEFGHI has given rise in- 
dependently to AEDCBFGHI and ABCDEFHGI, and that a crossing- 
over between the latter has produced AEDCBFHGI. 

In practice, it becomes important to establish whether two or more in- 
versions observed in the same chromosome do or do not belong to the 
class of the overlapping ones. Fortunately, the salivary gland chromosome 
method is sufficiently accurate to permit a decision to be made in every 
adequately studied case. Even if the degree of the overlapping is small 
(that is, if one of the breaks in one of the inversions lies very close to a 
breakage point in the other), a careful investigation shows where in the 
“new” chromosome every section of the “old” one is located. 

GENE ARRANGEMENTS IN THE THIRD CHROMOSOME OF RACE A 

A composite map of the standard gene arrangement in the third chro- 
mosome of race A of pseudoobscura is represented in the upper part of 
Plate I. It should be reiterated that the choice of this arrangement as a 
standard is arbitrary, and the results of the investigation would not be 
altered in the least if a different choice were made. Tan (1935) and 
Dobzhansky and Tan (1936) have already published maps of the same 
standard arrangement, but it is believed that the map here given is more 
accurate. We do not claim however that even this map represents all the 
faintest discs that may be found in this chromosome. 

To facilitate description, the chromosomes of pseudoobscura have been 
subdivided into one hundred arbitrary sections; the third chromosome 
contains sections from 63 to 81 inclusive (Dobzhansky and Tan 1936). 
Each section is further subdivided into sub-sections denoted by letters A, 
B, C, etc. The limits of the sections and sub-sections are indicated by 
Hnes in Plate 1. In the standard arrangements the sections run in the 
natural order, from the proximal to the distal end, thus: 63 ABODE, 64 
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ABC, 65 ABCD ... 81 ABCD. Gene arrangements other than the stand- 
ard one can be described most conveniently in terms of these numbered 
sections and sub-sections. 

When the strain Arrowhead-5, derived from a single female collected 
near the village of Arrowhead, British Columbia, is crossed to the stand- 
ard, the third chromosomes in the hybrid form a pairing configuration 
like that represented in Plate i. From this configuration one can easily 
deduce that the Arrowhead strain differs from the standard in having a 
single inversion in the third chromosome. The origin of this inversion can 
be represented as being due to a breakage of the standard third chromo- 
some in the sections 70B and 76B, and a rotation of the middle fragment 
by 180°. The arrangement of sections in the third chromosome of the 
Standard and the Arrowhead strains are as follows: 

Standard 63,64 . . . 69,7oA:7oBCD,7i . . . 75,76AB:76C,77 ... 81 
Arrowhead 63,64 . . . 69,7oA:76BA,75 . . . 7i,7oDCB:76C,77 ... 81 

The signs : indicate the loci of the breakages. Configurations similar 
to that observed in the Arrowhead/Standard hybrids have been found 
also in hybrids between the standard and many other strains. It follows 
that the gene arrangement first detected in the Arrowhead-5 strain is 
encountered rather commonly elsewhere; this will be referred to as the 
^^Arrowhead^^ arrangement. In strains that are homozygous for the third 
chromosome of the Arrowhead type no loop-like configuration similar to 
that shown in Plate i is, of course, formed. The examination of the disc 
pattern in the third chromosome shows however that the sedation of the 
sections is like that just indicated for the Arrowhead rather than that for 
the Standard chromosome. 

In crosses between certain strains collected on the slopes of Pikes Peak 
Colorado, and the standard strain, the third chromosome in the salivary 
gland cells has been observed to form a configuration like that shown in 
Plate I under the label ^^Pikes Peak/Standard.’^ Although this configura- 
tion is identical in type with that in Arrowhead/Standard hybrids, a more 
careful inspection shows that different sections of the chromosome are 
involved in the formation of the loops in the two cases. It follows that 
the gene arrangement found in the Pikes Peak strains is different both 
from that found in the Arrowhead and in the standard strains. A compari- 
son of the standard and the Pikes Peak arrangements may be represented 
thus: 

Standard 63,64,65AB:65CD,66 . . . 7sABC:76 ... 81 
Pikes Peak 63,64,65AB;75CBA . . , 66,6sDC:76ABC ... 81 

It is worth while to compare the Arrowhead and Pikes Peak arrange- 
ments with each other. Both can be thought of as being derived from, or 
giving rise to, the standard arrangement by a single inversion. The two 
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inversions are however of the overlapping type : the distal break in Pikes 
Peak lies further from the free end of the chromosome than the distal 
break in Arrowhead, while the proximal break in Pikes Peak is much 
closer to the base of the chromosome than the proximal break in Arrow- 
head (Plate i). The origin of the Pikes Peak arrangement directly from 
Arrowhead, or vice versa, is therefore very improbable. The relationships 
of the three arrangements may be represented as Arrowhead;=^Standard?:i 
Pikes Peak, but not as Arrowhead^Pikes Peak. In hybrids carrying one 
Arrowhead and one Pikes Peak chromosome a configuration resembling 
the double loop shown in figure i, lower right corner, may be expected. 
One of these loops must be formed by the sections from 65 C to 70A in- 
clusive (corresponding to FGH in figure i), and the other loop by sec- 
tions from 70B 7sC (corresponding to BCD in fig. i), while the base (sec- 
tions 63 to 6sB) and the free end (sections 76B to 81) must pair normally 
(corresponding to I and A in fig. i). Sections 76A’and 76B are too short 
to be expected to pair frequently with their homologues (corresponding to 
E in fig. i). The cross Arrowhead by Pikes Peak has actually been made, 
and the expected chromosome configuration has been observed in the 
hybrids. 

Crosses between standard and certain strains from Santa Cruz Island 
California, show in the third chromosome a double-loop configuration de- 
picted in Plate i. An analysis of this configuration leads to the conclusion 
that the arrangement of sections in the third chromosome of the Santa 
Cruz strains is as follows : 

63 . . . 67,68ABC:79BCD:76A,75 . . . 69,68D:79A,78,77,76CB: 80,81 

It is interesting to determine in what relation the Santa Cruz sequence 
stands to the previously described ones. An attempt to derive the Santa 
Cruz sequence from either Arrowhead or Pikes Peak shows immediately 
that at least three inversion steps are necessary, one of which transforms 
the Arrowhead or Pikes Peak sequences respectively into the standard 
one. Only two inversion steps are needed to derive Santa Cruz from the 
standard arrangement. These two steps can be represented as follows; 
Standard 63 . . . 67,68ABCD,69 . . . 7S,76A:76BC,77,78,79ABCD: 80,81 
Hypothetical 63 . . . 67,68ABC:D,69 . . . 75,76A,79DCB:A,78,77,76CB, 
80,81 

Santa Cruz 63 . . . 67,68ABC,79BCD, 76^75 . . . 69,68D,79A, 78,77, 
76 CB, 8 o, 8 i 

The ]i3?pothetical link between the standard and Santa Cruz has as 
yet not been discovered in pseudoohscura. It will be shown below that the 
characteristics of the hypothetical sequence are encountered in 
X® chromosome of a related species, miranda. The relationships of the 
s^i^ces d^cribed thus far are therefore as follows: 
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Arrowhead< — S'Standard^ — >H)rpotlietical< — ^Santa Cruz 

Pikes Peak 

Crosses between the standard strain and certain strains derived from 
flies collected at Cuernavaca, Morelos, Mexico, showed in the third chro- 
mosome a configuration reproduced in Plate i. This configuration, though 
at first sight very complex, can be resolved to indicate the following ar- 
rangement of sections in the chromosome of the Cuernavaca strain: 
63 , 64 AB, 69 DE, 7 o . . . 7s,76A,79DCB,68CBA,67 . . . 64C,69CBA,68D, 
79 A, 78 , 77 . 76 CB, 8 o, 8 i 

The following series of steps was worked out theoretically to account for 
the origin of the Cuernavaca sequence (IV) from the standard one (I) : 

(I) 63,64ABC,65 . . . 67,68ABCD,69ABCDE,7o . . . 75,76A:BC,77,78, 
79ABCD:8 o,8i 

(II) 63,64ABC,6s . . . 67,68ABC:D,69ABCDE,7o . . . 7S,76A,79DCB: 
A78,77,76CB,8 o,8i 

(IIir 63 , 64 AB:C, 6 s . . . 67 , 68 ,ABC 79 BCD, 76 A, 7 S . . . 7o,69ED:CBA, 
68D,79A,78,77,76CB,8 o,8i 

(IV) 63,64AB,69DE,7o , , . 7 s, 76 A, 79 DCB, 68 CBA ,67 . . . 6s,64C,69CBA, 
68D,79A,78,77,76,CB,8 o,8i 

It may be noted that six breakages have to be assumed in the ehromo- 
some to derive the Cuernavaca sequence from the standard one; it would 
require eight breakages to derive Cuernavaca from either Arrowhead or 
Pikes Peak. The arrangements (II) and (III) were provisionally desig- 
nated as ^^hypothetical and “hypothetical 2’^ respectively. Shortly 
thereafter, due to accession of material from Santa Cruz Island, the Santa 
Cruz arrangement was discovered, and proved to be identical with the 
theoretically postulated ^^hypothetical 2’^ ( = III). To test this identifica- 
tion, a simple experiment was made, namely a Cuernavaca strain was 
crossed to a Santa Cruz strain. If the Santa Cruz and the “hypothetical 2” 
arrangements are identical, a single inversion is expected in the hybrid, 
the sections from 64C to 69ED inclusive being in the inversion loop. The 
observations have borne out this prediction. Hence, no more than a single 
hypothetical arrangement need be postulated to account for the descent 
of the Cuernavaca arrangement from the standard one, or vice versa. The 
line of descent may be represented as follows: 

[standard^ — ^“h3pothetical” < — ^Santa Cruz< — ^-Cuernavaca 

Certain strains from the Chiricahua Mountains, Arizona, produce when 
crossed to the standard a pairing configuration in the third chromosome 
shown in Plate i. An analysis of this configuration leads to the conclusion 
that a gene arrangement not identical with those described previously is 
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found in the Chiricahua strains. This new arrangement, denoted Chiricahua 

I, turns out to have the following sequence of sections: 

63 . . . 67,68ABC,79BCD,76A,7S . . . 71, 78ABC,79A, 680,69, 70,77,7606, 
80,81 

A comparison of the Chiricahua I arrangement with the standard one 
shows that a triple inversion is present; six breaks in the chromosome have 
to be assumed to derive one from the other. The origin of the Chiricahua 
I becomes clearer if it is compared with the Santa Cruz arrangement, for 
they are identical, except in the sub-terminal portion of the chromosome. 
One can be derived from the other by a single inversion, as follows : 

Santa Cruz 63 . . . 67,68ABC,79BCD,76A . . . 71; 70, 69,680, 79A,78CBA 
:77,76CB,8o,8i 

Chiricahua I 63 . . . 67,68ABC,79BCD,76A . . . 7i;78ABC,79A,68D,69, 
7o:77,76CB,8o,8i 

The cross Chiricahua I X Santa Cruz gives the expected configuration, 
namely the single inversion loop shown in Plate 2. Chiricahua I can not 
be derived from Cuernavaca, or vice versa, by a single inversion, since 
they are related as overlapping inversions. They can be derived from each 
other only through the intermediate step of the Santa Cruz arrangement, 
as follows: 

Chiricahua I< — >-Santa Cruz< — ^Cuernavaca 
Three separate strains from Mammoth Lake, Sierra Nevada, California, 
produced when crossed to the standard a configuration not encountered in 
any other crosses. Unfortunately, these three strains were lost before this 
new arrangement. Mammoth, was studied in detail and before appropriate 
drawings could be made. The most probable (though not conclusively 
established) sequence of sections in the Mammoth chromosome appears 
to be as follows: 

63 . . . 67,68ABC,79BCD,76A:76BC,77,78,79A,68D,69 . . . 75:80,81 
If this interpretation is correct, the Mammoth arrangement can be de- 
rived from Santa Cruz by a single inversion. No test of this interpretation 
by crossing the two to each other has been made however. 

StiU. another, and very interesting, arrangement has been detected in a 
strain coming from the tree line region of Pikes Peak, Colorado (elevation 
more than 11,000 feet). The heterozygote Tree Line/Standard shows a 
configuration in the third chromosome represented in Plate i. The se- 
quence of sections in the Tree Line chromosome, compared to that in Santa 
Cruz, is as follows: 

Santa Cruz 63 . . . 67,68ABC,79BCD,76A,7s,74C:74BA,73 . . . 69:680, 
79 A, 78 , 77 , 76 CB, 8 o, 8 i 

Tree Line 63 . . . 67,68ABC,79BCD,76A,75,74C:69 . . . 73,74AB:68D, 
79 A, 78 , 77 , 76 CB, 8 o, 8 i 
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The Tree Line arrangement may, consequently, be derived from Santa 
Cruz, or \’ice versa, by a single inversion. The derivation of Tree Line from 
any other arrangement described above demands more inversion steps, 
namely, two (Cuernavaca, Chiricahua I, Mammoth), three (Standard), 
or four (Arrowhead, Pikes Peak). In every case an arrangement identical 
with Santa Cruz has to be postulated if the origin is to be accomplished 
with 9 . minimum of inversion steps. The heterozygote Tree Line/Santa 
Cruz shows, as expected, a single fairly short inversion in the third chromo- 
some (Plate 2). 

In turn, the Tree Line arrangement is very simply related to three other 
chromosome arrangements, each of which can be derived from Tree Line, 
and from no other arrangement, through a single inversion step. These 
three new arrangements were first recovered from strains coming respec- 
tively from Estes Park, Colorado, from mountains near Brinnon, Ol3nnpic 
peninsula, Washington, and from Cerro San Jose, Oaxaca, Mexico. They 
were designated as the Estes Park, Olympic, and Oaxaca arrangements 
respectively. A comparison of the Tree Line arrangement with the three 
new ones is shown below; 

TreeLinefis . . . 67,68ABC,79BCD,76A,75C:BA,74C,69ABC;DE,7o . . . 

73 , 74 AB, 68 D, 79 A: 78,77,76c :B,8oA;BC, 81 
Estes Park 63 . . . 67,68ABC,79BCD,76A,75CBA,74C,69ABC:79A,68D, 
74BA,73 . . . 7o,69ED:78,77,76,CB,8oABC,8i 
Olympic 63 . , . 67 , 68 ABC, 79 BCD, 76 A, 75 C: 8 oA, 76 BC, 77,78, 79A,68D, 
74 BA,73 . . . 7 o, 69 EDCBA, 74 C, 75 AB: 8 oBC, 8 i 
O axaca 63 . . . 67,68ABC,79BCD,76A,75CBA,74C,69ABC:76C, 77,78, 
79 A,68D,74BA,73 . . . 7 o, 69 ED: 76 B, 8 oABC, 8 i 
T o test the above interpretation, the crosses Estes Park X Tree Line, 
Ol3mipicXTree Line, and Oaxaca X Tree Line were made. As expected, in 
each of the crosses the third chromosome showed a single inversion, but 
the sections included in the inversion loop were different in each case (Plate 
2). All three inversions belong to the overlapping class, although the proxi- 
mal breaks in Estes Park and Oaxaca are very close to each other, being 
located at approximately the middle of the length of section 69. The rela- 
tionships of the four arrangements under consideration may be represented 
as follows: 

Estes Park< — >Tree Line< — ^Oaxaca 

T 

i 

Ol3nnpic 

The crosses OlympicXSanta Cruz (Plate 2), OlympicXEstes Park, and 
Oaxaca X Estes Park were also made. The third chromosomes in the hy- 
brids showed double loop configurations with some unpaired sections, as 
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expected in overlapping inversions. The crosses Estes Park X Standard 
(Plate 1)5 Olympic X Standard (Plate i), Oaxaca X Standard, Oaxaca X 
Cuernavaca (Plate 2), Oaxaca X Chiricahua I, Estes Park X Chiricahua 
I, and Oaxaca X Pikes Peak give very complex pairing configurations in 
which many chromosome sections usually fail to pair with their homo- 
logues. All these relationships are in accord with expectations, since Estes 
Park, Olympic, Oaxaca, and Santa Cruz can be derived from each other 
through two inversion steps, the Tree Line arrangement being in every 
case the connecting link which could be constructed theoretically if it 
were not actually observed to occur in nature. It takes however three 
steps to derive any of these arrangements, except Santa Cruz, from either 
Chiricahua I or Cuemacava,and four steps to derive them from the stand- 
ard arrangement. 

In addition to the eleven arrangements thus far described, one more, 
the twelfth, has been observed in race A. In a cross between a strain 
homozygous for the Arrowhead arrangement and Chiricahua-6, a larva was 
found that exhibited a configuration of an unusual type. The distal part 
of the third chromosome had a sequence of sections identical with that 
encountered in Arrowhead, but there was a short inversion in the middle 
part, involving approximately sections 69, part of 70, part of 76, and 75. 
Obviously, some of the flies in the Chiricahua-6 strain had a gene arrange- 
ment not hitherto encountered; this arrangement is labeled Chiricahua II. 
Attempts to recover the Chiricahua II sequence from the strain in which 
it was once observed proved unavailing, and this sequence has never been 
seen again. Chiricahua II is clearly derived from the Arrow-head arrange- 
ment through a single inversion, its relationship to other arrangements 
being as follows: 

Standard’^ — j-Arrowhead^f — ^Chiricahua II 

GENE ARRANGEMENTS IN THE THIRD CHROMOSOME OF RACE B 

The gene arrangement in the third chromosome of race B is appar- 
ently about as variable as it is in race A. Relatively few strains of race B 
have been examined however, and therefore the number of arrangements 
recorded in this race is smaller than in race A, namely six. Tan (1935) has 
shown that the standard arrangement is encountered in race B as well as 
in race A, but he has also found that race B usually has another gene se- 
quence in the third chromosome, giving a single inversion in the third 
chromosome in interracial hybrids with Standard race A. This most fre- 
quent arrangement in race B is denoted as Klamath, according to the 
name of the locality (in northern CaKfomia) from which one of the strains 
carrying it was collected. 

The hybrids between race B strains possessing a third chromosome of 
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the Klamath type, and either race A or race B strains with the standard 
arrangement, show an inversion loop depicted in Plate i. This inversion 
occupies approximately the same part of the chromosome as that found in 
Standard X Arrowhead heterozygotes (Plate i), but a careful examination 
discloses that the two inversions are unquestionably not identical. The 
sequence of sections in the Klamath chromosome is as follows, the Arrow- 
head sequence being given for comparison : 

Edamath 63 . . . 69, 70ABCD :77,76CBA,75 . . . 71:78,79,80,81 
Arrowhead 63 ... 69, 7oA:76BA,7S . . . 7i,7oDCB: 760,77,78,79,80,81 

In the Klamath B XArrowhead A hybrids no inversion loop is present 
in the third chromosome, but two sections, one lying at about the middle 
and the other in the distal part of the chromosome, remain unpaired. These 
are sections 70BCD, 76C,and 77. Klamath may be derived from Standard, 
or vice versa, through a single inversion, but it takes two steps to pass from 
Arrowhead to Klamath. The relationships of the three sequences are there- 
fore as follows: 

Klamath< — >Standard< — ^Arrowhead 

Three strains of race B from Sequoia National Park, California, were 
crossed to a strain possessing the Klamath chromosome. The hybrids 
showed in the third chromosome a double inversion (fig. 2) . The gene ar- 
rangement encountered in these three strains is referred to as Sequoia I; 
it is characterized by the following sequence of sections : 

63 . . . 69,70:73,72,71 -.74,75 . . . 80,81 

It may be noted at once that the Sequoia I arrangement may be derived 
through a single inversion from the standard, but it takes two steps to 
obtain Sequoia I from Kdamath, or vice versa. Nevertheless, we are not 
dealing here with overlapping inversions, since the proximal breakages in 
Sequoia I and Klamath seem to lie at the same point, corresponding to the 
dividing line between sections 70 and 71. The Sequoia I inversion may be 
described as being included in the Klamath one, with one end apparently 
coinciding. Hence, the relationships between Sequoia I and Klamath may 
be pictured ui the following two ways. First: 63 ... 70:77 ... 74:73 
... 71:78 ... 81 (Klamath)< — *^63 . . . 70:71 . . . 73:74 ... 77:78 .. . 
81 (Standard) •* — * 63 . . . 70:73 . . . 71:74 ... 77:78 ... 81 (Sequoia I), 
or, second, 63 . . . 70:77 .. . 74:73 .. . 71:78 .. . 81 (Klamath) 
* — >63 • • ■ 70-77 - 74:71 • • • 73:78 . . . 81 (hypothetical)-* — >63 . . . 

70:73 . . . 71:74 . . . 77:78 ... 81 (Sequoia I). The second of these two 
manners of representation demands a hypwthetical coimecting link, while 
the first does not. Since the standard arrangement is encountered in race 
B populations inhabiting the region of the Sequoia National Park, by far 
the most probable course of evolution is as follows: 
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Sequoia I< — ^Standard< — ^Klamath, 
but it should nevertheless be remembered that the degree of probability 
with which this relationship is established is lower than that involved in 
other conclusions presented above. 

Three other gene arrangements have been detected in strains of race B 
coming from, respectively, Cowichan Lake, British Columbia, the neigh- 
borhood of Wawona, California, and from Sequoia National Park, Cali- 
fornia. These arrangements are denoted as Cowichan, Wawona, and 



Figtjre 2. — Configurations in the third chromosome in hybrids 
between various strains of race B. 


Sequoia II. The pairing configurations encountered in the hybrids Sequoia 
II X Klamath and Cowichan X Klamath are shown in fig. 2, and that in the 
hybrid Wawona X Standard in Plate i. The distribution of sections in the 
three new arrangements is as follows (the data for Klamath being given 
for comparison): 

Klamath 63 . . . 70, 77B:A, 76:75 . . . 7iC:BA, 78A:BC, 79ABC:D, 
80, 81 AB : CD 

Cowichan 63 . . . 70, 77BA, 76, 75 . . . 7iC:79CBA, 78CBA, 7iAB:79D, 

80^ 81ABCD 
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Wawona 63 . . . 70, 77BA, 76:78A, 71ABC . . . 7s:78BC, 79ABCD, 80, 
81ABCD 

Sequoia II 63 . . . 70, 77B:8iBA, 80, 79DCBA, 78CBA, 71ABC ... 75 , 
76, 77A:8iCD 

Each of the three new arrangements can be derived from Klamath by a 
single inversion, while it takes two inversions to derive them from the 
Standard or from each other. The Cowichan and Wawona inversions are 
overlapping, and therefore the relationship 

Cowichan < — ^►Ellamath < — ^ W awona 

may be taken as established. The inversion encountered in Sequoia II is 
much longer than that found either in Cowichan or in Wawona, and in- 
cludes the regions involved in the other two. The relationships between 
these arrangements are therefore similar to those discussed above in con- 
nection with the series Edamath-Standard-Sequoia I. In other words, since 
the Klamath arrangement is known to be present in nature, the most 
probable inference is that Sequoia II has descended directly from Ellamath, 
or has given rise to the latter, independently from the origin of Wawona 
and Cowichan. If however, the Klamath arrangmeent were unknown, one 
could formulate two equally probable hypotheses, first, that the ancestral 
arrangement was like Klamath, or, second, that the ancestral arrangement 
was one combining the properties of Sequoia II and Wawona, or of 
Sequoia II and Cowichan. Such hypothetical arrangements might have 
given rise to the existing ones through single inversions. 

On the other hand, the relationships between Sequoia II, Klamath, and 
Standard are quite clear. The inversions differentiating these arrangements 
are all overlapping, and therefore Sequoia II can not arise directly from 
Standard, or vice versa. The same is true for Wawona and Cowichan, 
Hence, the relationships are as follows: 

Sequoia II -e — >Klamath< — s^Standard 
Wawona< — ^Klamath< — ^Standard 
Cowichan < — >KJamath< — ^Standard 

Taken as a whole, the six gene arrangements recorded in race B are not 
related to any of the arrangements known in race A, except through the 
Standard one. Since, however, the Standard is the only arrangement encoun- 
tered in race A as well as in race B, this connecting link is sufficient to ac- 
count for the origin of all arrangements in both races from a common source. 

THE EFFECTS OF INVERSIONS IN THE THIRD 
CHROMOSOME ON CROSSING OVER 

SiBmksrd segumce. The map of the third chromosome given by Sturte- 
VANT and Tan (1937) based on the results obtained from females homo- 
^gous for the standard sequence. The following loci are included orange 
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(o), Blade (7.7), abrupt (9.7), Emarginate (13.3), Jagged (23.3), Scute and 
polychaete (28.3), purple (49.9), curved (654:), crossveinless (68.0). So 
far as tested, values similar to these are obtained when one of the ^^Stand- 
ard chromosomes is derived from race B, though the usual complications 
(differential viability and effects of inversions in other chromosomes) are 
evident here as in all crossing over experiments with AXB hybrids. 

Arrowhead sequence. In females of the constitution Standard/Arrowhead 
the orange-Scute interval gives about 8 percent crossing over (192 out of 
^51^? = 7 *^ percent in one series), but the results appear to be variable. 
Orange, Blade, and Emarginate have all given crossing over with Scute; 
Scute and the inversion have never given crossing over. One doubtful case 
suggests a crossover between the inversion and purple, and a more certain 
one indicates that cross veinless lies to the right of the inversion. The total 
frequency of Scute-crossveinless crossing over is certainly very low, not 
more than o.i percent. 

Several mutant genes have been found in Arrowhead chromosomes: a 
Jagged allelomorph, plexus, narrow, and rugose. We have not succeeded in 
getting crossing over between any of these and the inversion in Standard 
/Arrowhead. In homozygous Arrowhead the data indicate the following 
map: orange (o), Emarginate (14.1), plexus (22.1), Jagged (23.1), narrow 
(25.1), rugose (29.7). Taking these data, together with the results of Tan 
(^937)^ may be concluded that Jagged and cross veinless are not in the 
inverted section of Arrowhead, Scute and rugose are in it, and purple and 
narrow are doubtful. 

Pikes Peak. Standard/Pikes Peak has given crossing over between 
purple and crossveinless, a Pikes Peak crossveinless chromosome being 
easily obtained. No crossovers have been observed elsewhere. An experi- 
ment involving orange, Blade, Scute, and purple was carried out on the 
assumption that so long an inversion should give recoverable double cross- 
overs, but none was obtained. 

Klamath. In Standard-B/Klamath the results (orange Scute purple 
tested) are much like those from Standard-A/Arrowhead, plus the usual 
AXB complications. Orange-Scute crossovers are present in nearly every 
culture, Scute-purple ones have never been found. 

Other sequences. No systematic study has been carried out for the re- 
maining sequences, but a few data have been obtained in experiments 
using orange Scute purple (standard) against some of them. Tii such 
experiments Scute-purple crossovers have never been found; orange-Scute 
ones occur rarely (approximately i percent) when the opposing chromo- 
some is Chiricahua, Estes Park, or Oaxaca. They have not been found in 
the cases of Santa Cruz, Cuernavaca, or Tree Line, but the numbers of 
flies see^ are too low to be significant. Comparison of tbe cytological maps 
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(Tan, in press) with the limits of the inversions here given indicates that 
Pikes Peak and Cuernavaca would be expected not to give single cross- 
overs between orange and Scute; Santa Cruz and Tree Line may be ex- 
pected to produce them as frequently as do Chiricahua, Estes Park, and 
Oaxaca — a conclusion not negatived by the small amount of data avail- 
able. 

Combinations not involving standard. A few experiments have been car- 
ried out with Arrowhead/Pikes Peak and Arrowhead/Klamath, since 
these combinations might be expected to give single crossovers in the com- 
mon inverted region (Stijrtevant and Beadle 1936). None was found, 
and the probability is high that, if they occur, the crossover chromosomes 
are inviable. Such a result is not unexpected, since inversions as different 
as these in the X chromosome of melanogaster often give no viable cross- 
overs. In the case of Arrowhead/Klamath, where the inversions are more 
alike, the present data are not conclusive, owing to the scarcity of usable 
mutant genes. The experiment is also complicated by the fact that the 
Klamath chromosome used was (of necessity) originally derived from race 
B, and the flies carrying it were not fully viable and fertile. 

Disturbances in chromosome pairing. In connection with the data on the 
reduction of the frequency of crossing over in inversion heterozygotes, 
it has been found that the pairing of the chromosomes differing in gene 
arrangement is frequently disturbed in the salivary gland cells. As pointed 
out above, most of the drawings in Plates i and 2 and in figure 2 are 
made from selected figures showing as complete a pairing as can be found. 
In general, failures of pairing are rather common. Where only a single 
inversion is present (Standard/Arrowhead, Standard/Pikes Peak, Stand- 
ard/Klamath, and others) the pairing is usually, though by no means 
always, nearly complete, only short sections immediately adjacent to the 
breakage points failing to pair. But where the homologous third chromo- 
somes differ by double, triple, or multiple inversions some fairly long sec- 
tions nearly always fail to pair with their homologues. In the hybrids 
Oaxaca/Standard, Estes Park/Standard, and many similar ones, the 
chromosomes usually pair only in the basal regions and in a few places in 
the parts affected by the inversions. Instances of cells where the third 
chromosomes have failed to pair almost entirely are not uncommon. No 
drawing of the Oaxaca/Standard configuration is given in the present 
article because we have not succeeded in finding a cell in which the third 
chromosomes of this hybrid show more than a negligible amount of pairing 
in the inverted region. Although small failures of pairing are sometimes 
encountered in structurally homozygous individuals as well, there can be 
no doubt that in inversion heterozygotes such failures are both more fre- 
quent and more extensive. 
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The third chromosome is by far the most variable one with respect to 
the gene arrangement. Nevertheless, the gene arrangement has been found 
to vary to some extent also in all other chromosomes, except the small 
fifth, which, however, has not been carefully examined in most prepara- 
tions. Tan (193 s) found that the left limb of the X chromosome in race 
A differs from that in race B in having an inverted section. As far as we 
know, this difference is constant, in the sense that all strains of race A 
differ from all race B strains in having this inversion. 

Three different gene arrangements are known in the right limb of the 
X chromosome. Race A differs from race B in having an inversion in this 
limb (Tan 1935)? but the so-called “sex-ratio” strains in race B have the 
same arrangement as the normal representatives of race A (Sturtevant 
and Dobzhansky 1936b). “Sex-ratio” strains in race A differ from normal A 
by an inversion, which is however not identical with that differentiating 
normal race B. Cytologically, the three sequences are related as over- 
lapping inversions: 

Sex-ratio A'^ — ^Normal A, or Sex-ratio B< — ^-Normal B 
Six different gene arrangements have been recorded in the second chro- 
mosome, three in race A and three in race B. This chromosome carries 
sections from 43 to 62 inclusive, which in most race A strains are arranged 
in the natural order; this is the “Standard” arrangement for the second 
chromosome. Most strains of race B have sections inverted from the distal 
part of 52 to 56 inclusive (Tan 1935, Dobzhansky and Tan 1936). De- 
noting the proximal part of a section as p, and the distal part as d, the two 
sequences may be represented as follows: 

Standard 43 • • • S^P-S^d, 52 . . . 56:57 ... 62 
Race B 43 . . . Sip:56 ... 52, 5id:57 ... 62 
Three strains of race A proved to carry a gene arrangement deviating 
from the Standard. These strains are Zuni-4, Magdalena-2, and Pinos 
Altos-9, 2-11 from New Mexico, The new arrangement, denoted as Zuni, is 
therefore restricted to a relatively narrow geographical region, outside of 
which it is not encountered. Even in New Mexico most strains have the 
Standard arrangement, and the three exceptional strains just enumerated 
were all inversion heterozygotes, carrying one Standard and one Zuni 
second chromosome. The Zuni arrangement differs from the Standard in 
having the segment extending approximately from section 47 to 53 in- 
verted. The limits of this inversion overlap those distinguishing race B 
from the Standard, and consequently the relationships of the three arrange- 
ments may be represented as follows: 

Znm^ — ^Standard< — J^race B 

Tan (193s) has observed a long inversion in the second chromosome in 
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tlie hybrids between the strain Santa Lucia-y (California) and the strain 
carrying the mutants Bare and Smoky. The latter is known to possess the 
Standard arrangement. From the published figure of this inversion it 
appears that the Santa Lucia arrangement is unquestionably different 
from both Zuni and Race B arrangements. Whether or not the Santa Lucia 
inversion overlaps Zuni and Race B is not clear, but in any case it takes 
one inversion-step to derive the Santa Lucia arrangement from the 
standard one, while it takes two steps to derive it from either Zuni or 
race B, 

Two strains of race B have been found to deviate from the normal struc- 
ture of the second chromosome in that race. Some of the larvae in the 
crosses cinnabar (race B) XQuinault-23 (Olympic Peninsula, Washington) 
had a fairly long inversion in the distal part of the second chromosome. 
Some of the hybrids in the cross cinnabar XQuilcene-4 (Olympic Penin- 
sula) had a double inversion in the same part of the chromosome. The 
sequence of sections in these arrangements is as follows: 

RaceB 43 • • • S^d-S^Pr 55 • • • 5 ^, 5 id, 57:58 ... 61, 62p:62d 
Quinault 43 • ■ • 5 iP; 56d:62p, 61 . . . 58:57, 5id, 52 . . . 55, 56p:62d 
Quilcene 43 • - • S^P? 56d, 62p, 61 , . . 58 : 5 < 5 p, 55 • • • 52, S^d, S7:62d 

The distal breakages in the Quilcene and Quinault inversions both lie 
in section 62, but it appears that in the former the exact point of the break 
is somewhat closer to the free end of the chromosome than in the latter. 
If this is the case, the two inversions are overlapping, but the material 
studied is not extensive enough to make this conclusion certain. In any 
event, the most probable relationship of the three arrangements is that 
Quinault is derived from the race B one, and Quilcene is derived from 
Quinault. The relationships of all the arrangements recorded in the second 
chromosome may be represented by the following scheme: 

ZuniN^ 

y Standard< — »race — ^-Quinault^ — ^Quilcene 

Santa Lucia^ 

The fourth chromosome proves to be the least variable one (neglecting 
the small fifth). It has identical gene arrangements in race A and race B, 
as attested by the complete pairing of the homologues in the interracial 
hybrids. The only variation observed in this chromosome has been found 
in some larvae from the cross of the strain Cuemavaca-5 (Mexico) to a 
laboratory strain carrying the mutant gene plexus. The fourth chromosome 
in some of the hybrids showed a large inversion extending from almost the 
fr^ end to the sub-basal region of the chromosome. Since the plexus strain 
has been repeatedly used for C3?tological examinations of various hybrids, 
and showed a normal fourth chromosome, the inversion came presumably 
from the Cuemavaca-5 strain. 
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Dobzhansky and Tan (1936) have compared the disc patterns in the 
salivary gland chromosomes of Z). pseudoobscura with those in a closely 
related species, Z). miranda. They found that the gene arrangements in the 
two species are profoundly different, at least one hundred breakages being 
needed to derive the chromosome structure encountered in one of the 
species from that in the other. Yet, one may inquire to which of the gene 
arrangements known in pseudoobscura the gene arrangement of miranda 
is most closely related. Fortunately, the overlapping inversion method 
permits an unequivocal answer to this question. 

As pointed out by Dobzhansky and Tan (1936), it takes one less in- 
version step to derive the gene arrangement in the left limb of the X chro- 
mosome in miranda from that in race A than from that in race B of psetdo- 
obscura. Furthermore, the interracial inversion overlaps the limits of the 
inversion distinguishing race A and miranda. Hence, the relationships are 
as follows: 

Race — >Race A< — >mtranda 

A comparison of the right limbs of the X chromosome and of the second 
chromosomes leads to conclusions fully consistent with the above: in 
either case the miranda arrangement is related to that .in race A rather 
than to that in race B of pseudoobscura (inversions are overlapping). As 
to the third chromosome, the data of Dobzhansky and Tan were incon- 
clusive. One may note here that the homologue of the third chromosome 
of pseudoobscura is present in miranda in duplicate in the females but only 
once in the males, and is termed the X^ chromosome (Dobzhansky 1935). 
The proximal part of the X^ contains sections 65, 66, 68, 70, and 71, and 
is therefore similar to the proximal part of the third chromosome of 
pseudoobscura (standard arrangement). Section 71 in miranda is however 
followed distally by a long region the homology of which was left undecided 
in the article of Dobzhansky and Tan (loc. cit.), since this region has 
never been observed to be paired with anything in the mirandaX pseudo- 
obscura hybrids. However, this region contains parts much resembling in 
disc patterns the sections 72 and 73 of pseudoobscura, and arranged in a 
similar manner (cf. drawings of Dobzhansky and Tan, 1936), Finally, the 
free end of the X^ has sections 80 and 81, a condition encountered also in 
pseudoobscura. Proximally from section 80 the X^ carries a series of promi- 
nent dis<^, the origin of which has not been determined, except that a few 
of them were found to be homologous to a part of section 94 in the fourth 
chromosome of pseudoobscura. 

When the Santa Cruz arrangement in the third chromosome of pseudo-- 
obscura became known, we were struck by the resemblance of the disc pat- 
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terns in the distal parts of that chromosome and of the chromosome of 
miranda, A cross of pseiidooiscitra Santa CmzXmiranda was therefore 
made, and the hybrid larvae were studied c\'tologically. Several cells have 
been found in which the distal portions of the X- and of the third chromo- 
some were paired. Two drawings in Plate 2 show the configurations ob- 
served. An analysis of these configurations leads to the conclusion that the 
distal portions of these chromosomes are built as follows: 

Third chromosome of Santa Cruz ... 78, 77, 76CB, 80, 81 
X^ chromosome of miranda ... 78, 77, 94 (part), 76CB, 80, 81 

In other words, except for the insertion of a part of section 94 in miranda^ 
the two chromosomes are similar in this region. Assuming, further, that 
the identification of sections 72 and 73 in the X^ chromosome of miranda 
is correct, we are forced to conclude that the X^ chromosome has a gene 
arrangement most similar to the ^^hypothetical” one, postulated as a con- 
necting link between standard and Santa Cruz in pseudoobscura (cf. 
page 36). It does not follow of course that the ^^hypothetical” arrange- 
ment in pseudoobscura is identical with that observed in miranda. In fact, 
this is certainly not the case, since many differences between the two are 
oresent. Nevertheless, it may be taken for established that it takes less 
alteration to derive the miranda sequence from the “h>^othetical” one in 
pseudoobscura than from any other. 

Thus, all the information now available agrees in pointing to a closer 
fimilarity between race A of pseudoobscura and miranda than between race 
B and miranda. 

PHYLOGEISTY OF THE GENE ARRANGEMENTS IN THE THIRD CHROMOSOME 

The various separate phylogenetic schemes presented above have aU 
>een combined in one diagram in figure 3. In the earlier sections the 
schemes were presented with double-headed arrows, since there is no in- 
lerent method of determining the directions in which inversion phylog- 
mies should be read. The overlapping inversion method would not pre- 
sent us from supposing that any one of the gene arrangements shown in 
igure 3 is the ancestral one; but once an arrangement is selected as an- 
:estral, the course of the evolution is determined. In figure 3 most of the 
trrows are single-headed; it is the purpose of the present section to show 
low we have arrived at this result. 

It is simplest to suppose that the common ancestor of pseudoobscura and 
niranda had the ^hypothetical” sequence, since miranda is related to no 
ither existing pseudoobscura sequence except through this one. Owing to 
ts exceptional sex chromosome mechanism, miranda cannot be considered 
.ncestral to pseudoobscura^ but must be derived either from pseudoobscura 
tself, or from a common ancestor that was (at least as regards its X and 
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its third chromosomes) more like pseudoobscura. Further, it may reason- 
ably be supposed that the separation took place long ago, in order to ac- 
count for the great diifference between miranda and pseudoobscura. The 
^^h}"potheticar^ sequence is thus to be considered a very ancient one. 

Next to the difference between the species pseudoobscura and miranda, 
the most striking and important distinction in the group is that between 
races A and B, which have practically reached a species status, except for 
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FiGtrsE 3. — ^Phytogeny of tlie gene arrangements in the third chromosome of Drosophila pseu- 
doobscura. Any two arrangements connected by an arrow in the diagram differ by a single in- 
version. Further explanation in text. 


the fact that they remain indistinguishable morphologically. The difference 
between these ^^races” may likewise be supposed to be of long standing. 
It is clear that the common ancestor of A and B had the Standard sequence, 
since this is the only one common to the two, and is a necessary connecting 
link between all other race A sequences on one hand and all other race B 
sequences on the othe? hand. 

The great antiquity of the Standard and ‘^hypothetical” sequences may 
thus be taken for established. There is one other arrangement that may 
be supposed to be relatively old, namely, Santa Cruz. Only Standard and 
Santa Cruz form centers to which a whole series of other arrangements are 
directly related (fig. 3), and only these two are derived by single steps 
from the “hypothetical” arrangement. 

The most probable view seems to be that the original form was either 
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Standard or “hypothetical,” with Santa Cruz still to be considered as a 
possibility. The argument cannot be taken as excluding other arrange- 
ments, though all those restricted to race B are highly improbable. It is, 
of course, entirely possible that the common ancestor of race A and race B, 
as well as that of D. pseiidoobsciira and D. miranda, was itself variable in 
gene arrangement, just as its living derivatives are. 

GEOGRAPHICAL DISTRIBUTION OF THIRD CHROMOSOME 
GENE .ARRANGEMENTS 

A list of localities and strains in which the various third-chromosome 
gene arrangements have been recorded is given below; figures 4 and 5 
present the same data in map form. 

RACE A 

Standard. British Columbia: Lytton-i; Merritt-2; Lake Okanagan-4, 5, 
8; Lake Shuswap (Mara)-3; Kaslo-3, 4. 

Washington: La Grande-2; Chelan-2, 8, 10, 12; MetaKne Falls-i; The 
Dalles-2. 

Montana: Bitterroot Mts.-6. 

Oregon: Newber}’ Crater-3. 

Northern California and Sierra Nevada: Dunsmuir-3, 9; Lassen-i, 19; 
Oakland-i; Pacific Grove-2; Santa Lucia-35; Wawona-i, 3, 6, 7, 8, 9; 
Mammoth Lake-22; Sequoia Park-3, i3) iS; Kem-i. 

Southern California: Santa Cruz Island (table i); Arroyo Seco (Pasa- 
dena)-!, 2, 23; Azuza, San Gabriel Canyon (table i); Dollar Lake-2; 
Barton Flats-i, 7, ii; Banner (table 1); Julian (table i); Lake Henshaw 
-2, 3, 4, 5 - 

Lower California: Guadelupe (table i); Santo Tomas (table i). 

Nevada: Charleston-i, 5, 6, 7, 9, 10; Las Vegas-3. 

Utah: Cedar City -A. 

Idaho: Idaho Falls-2, 3, A (possibly introduced by man). 

Nebraska: Scottsbluff-3. 

Arizona: Santa Rita Mts.-6. 

New Mexico: Carizozo-5, 7. 

Texas: Georgetown-i. 

Arrowhead. British Columbia: Yale-7; Pavilion-s; Kamloops-i; Merritt- 
. 2; Okan^an-2, 6, 8; Shuswap-3; Arrowhead-i, 5; Kaslo-4. 

Washington: La Grande-2; Olympic-2; Chehalis-4; Chelan-7; Metaline 
FalIs-2, 3. 

Idaho: Lake Coeur d’Alene-2, 7, 8; Boise-i, 2; Idaho Falls-i, 2. 

Montana; Bitterroot-3, 4, 6, 7. ■ 

WyonuBg: Big Horn Mts.-s, 6. 

South Dakota: Black Hills-3, 5- 
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Nebraska: Scottsbluff-4, 3. 

Oregon: Sisters~6; Newber>" Crater-3; Crater Lake-3. 

Northern California and Sierra Nevada: Dunsmuir-io; Lassen-16; 
Wawona-i, 7, 8, 9; Mammoth-2, 4, 8, 22; Lake Tahoe-2; Sequoia-ii, 15; 
Greenhorn Mts.-ii. 
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Figure 4. — ^The geographical distribution of the gene 
arrangements recorded in race A. 

Southern California: Santa Cruz (table i); Arroyo Seco-22, 23; San 
Gabriel- (table i); Big Bear-i, 2; Dollar Lake-2, 3; Barton Flats-2, 4. 
5, 6, 8, 10, 13, 14, 15; Hidden Springs-i; Banner-(table i); Julian 
(table i); Providence Mts. (table i). 

Lower California: Guadelupe; Santo Tomas (table i). 
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Nevada: Charlestoii-2, 4, 5, 6, 8; Las Vegas-i, 2, 3. 

Utah: Cedar City-i, 3, 4, 5 > 6, 7, 9, 10, ii, B, C, D; Zion-4, 5 ; Bryce-4, 
5, 6, 7, 8, 9, 10. 

Colorado: Aspen-i; Estes Park-2, 3; University Camp-i, 4, 5, 6; Pikes 
Peak-i, 2, 3, 4, 5, 6, 7; Tree Line on Pikes Peak-2, 3; San Juan Mts.-i, 2, 

3, 4, 5, 6, 7, 8, 9; Mesa Verde-i, 3, 4, 5, 6, 7, 8. 

Arizona: Grand Canyon North Rim-i, 2, 3; South Rim-i; Flagstaff-i, 
2, 5, 7, 8; Gila near Yuma-i, 2; Santa Catalina Mts.-2, 3, 4, 5, 6, 9, 12; 
Santa Rita Mts.-i, 2, 3, 4, 5, 7; Chiricahua Mts.-2, 4, 6, 7, 8, 10, ii. 

New Mexico: Zuni Mts.-2, 3, 4, 5, 6, 7, 8, 9; Taos-i, 3, 4, 6, 7, 8, 9, 10, 
ii; Magdalena-i, 2, 4, 7, 8, 9; Pinos Altos-i, 2, 3, 4, 7, 8, 9; Carizozo-2, 4, 
5, 6, 7, 8, 9, 10. 

Texas: Florence-i. 

Chiricahua II. Arizona: Chiricahua-6. 

Pikes Peak. Nebraska: Scottsbluff-3, 5, 9. 

Colorado: Estes Park-2, 3, 5; University Cainp-3, 4, 6; Pikes Peak-i, 2, 

4, S, 6, 7. 

New hlexico: Carizozo-9; Carlsbad-i, 2. 

Texas: Florence- 1, 2. 

Arizona: Chiricahua-6. 

Crzis. California: Wawona-4, 6; Oakland-i; Pacific Grove-i; 
Santa Cruz (table i); Banner (table i); Julian (table i). 

Lower California: Guadelupe; Santo Tomas (table i). 

Chiricahua I. California: Arroyo Seco-21; San Gabriel (table i); Big 
Bear-i, 2; Dollar Lake-i; Barton Flats-i, 2, 9, 10; Banner (table i); 
Julian (table i); Providence Mts. (table i). 

Lower California: Santo Tomas (table i). 

Nevada: ChaTleston-2, 4. 

Utah: Cedar Cit>'-4, E. 

Arizona: Santa Rita-i ; Chiricahua-3, 5, 4, 9, ii, 12. 

New Mexico: Carlsbad-i. 

Mexico, Durango: Otinapa-3; Oaxaca: Cerro San Jose-4, 5- 
Cuernavaca. Mexico, Morelos: Cuemavaca-2, 5, 6, 8; Oaxaca; Cerro 
San Jose-4, S- 

Mammoth. California: Mammoth Lake-2, 8, 19. 

Tree Line. California: San Gabriel (table i) ; Dollar Lake-2. 

Colorado: University Camp-i; Tree Line on Pikes Peak-i. 

Mexico, Morelos: Cuemavaca-2, 5. 

Estes Park. Colorado: Estes Park-i, 2. 

Mexico, Morelos: Cuemavaca-2, 6. 

Oaxaca. Mexico, Oaxaca; Cerro San Jose-4. 

Olympic. Washington: Olympic-2. 
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RACE B 

Klamath, British Columbia: Campbell River-3, 4; QuesneI-5; 150-mile 
House-5; Pavilion-6; Yale-3; Merritt-4. 

Washington: Cape Flatter}^ (La Push)-7; Olympic-5; Qumault-15, 23; 
Quilcene-4; Seattle-4, 6; The Dalles-7. 

Oregon: Reedsport-2 ; Sisters-9; Crater Lake-2. 

California: IOamath-5; Shelter Cove-5; Lassen-2j, 8; Mammoth-3, 12; 
Sequoia-14. 

Standard, California: Shelter Cove-5; Santa Lucia-ii; Nojogui (Santa 
Barbara)-8; Dunsmuir-S; Lassen-2, 8; Mammoth-i, 3, 4, 7, 9, 10, ii, 12, 
13, 15, 17, 20; Sequoia-s, 8, 14, 16. 

Sequoia I. California: Sequoia-5, 8, 17. 

Wawona. California: Wawona-4. 

Sequoia II. California: Sequoia-16. 

Cowichan, British Columbia: Cowichan Lake-6. 

The Standard arrangement is commonest on the Pacific Coast, but 
occurs sporadically to the limits of the range of the species in the United 
States. It is nowhere found alone. The Santa Cruz sequence is known from 
a crescent-shaped area extending from the central Sierra Nevada to the 
Monterey peninsula, extreme southern California, and Lower California. 
D, miranda occurs in the Puget Sound region (Washington and British 
Columbia) . These three gene sequences seem the best indices of the geo- 
graphical origin of the group, and they agree in pointing to the Pacific 
Coast region. With this as a guiding hypothesis we may take up the 
various families of arrangements in order. 

Race B is still confined to the Pacific Coast. W^ithin this area, the stand- 
ard sequence has been found only in California, and seems to become 
progressively more frequent to the south. Klamath is the common se- 
quence in race B, occurring practically throughout the range. The other 
three sequences in race B are known from a single locality each; it should 
be obseived that Sequoia I, the only one of them derived directly from the 
standard, occurs within the region where standard is frequent. One may 
surmise that race B arose somewhere in the southern part of its present 
range, and later spread northw^ard; a conclusion that is not inconsistent 
with the fact that it is now found further north than race A, and at greater 
elevations when the two occur in the same region. These relations do, how- 
ever, suggest caution in accepting the suggested conclusions. 

The race A sequences fall into two groups — the Standard and Santa 
Cruz with their respective derivatives. The Arrowhead arrangement is the 
commonest one throughout the range of race A in the United States and 
British Columbia, but has not been found in Mexico (except in northern 
Lower California). That it is nevertheless of relatively recent origin is sug- 
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gested by the fact that it has given rise to only one new sequence, and that 
one has been found only in a single stock. Arrowhead is the only sequence 
that appears to occur over any considerable area unmixed with any others. 
This area — northern Arizona, western and northern New Mexico, southern 
Utah, and a portion of southern Colorado — is completely surrounded by 
regions in which other sequences are frequent. Its historical significance is 
not clear. The Pikes Peak sequence occurs in the eastern Rocky Mountains 
with outliers in central Texas and southern Arizona. It presumably arose 
in this area, where its parent, the Standard, still occurs sporadically. 

Sequences derived from Santa Cruz are in general southern in distribu- 
tion. Tree Line is unusual in two respects, both of which suggest that it 
is a very ancient sequence. It has given rise to three new sequences (Estes 
Park, Oaxaca and Olympic), and it has a strikingly discontinuous distribu- 
tion. It is known from southern California (where it almost overlaps the 
distribution of Santa Cruz), from the Rocky Mountains of Colorado, and 
from southern Mexico. Of the three sequences derived from it, Estes Park 
likewise has a sharply discontinuous range — Colorado and southern 
Mexico. Olympic is known only from the Olympic peninsula, Washington 
and Oaxaca only from southern Mexico. The significance of these facts is 
uncertain; more data from the regions of northern Mexico, Texas, Mon- 
tana and Idaho are needed. Tentatively, in view of the general southern 
trend of Santa Cruz derivatives, one may'- surmise that the occurrence of 
Tree Line and related arrangements in Colorado and Washington is the 
result of northward migrations. 

Of the other three Santa Cruz derivatives, Mammoth is known only 
from the eastern slope of the Sierra Nevada, just across the divide from the 
area where Santa Cruz itself has been recorded. Chiricahua is a widely 
distributed form, rather frequent in southern California (where it overlaps 
the distribution of Santa Cruz), and extending from Nevada and southern 
Utah to southern Mexico. Cuernavaca is thus far known only from south- 
ern Mexico. Its occurrence there, together with the probable southern 
origin of Tree Line, suggests that Santa Cruz is likely to be found in the 
still unexplored regions of northern and western Mexico. 

The inference that the Pacific Coast region is the original home of the 
species Drosophila pseudoobscura finds support in a study of the distribu- 
tion of other species of this genus. The closest known relatives, aside from 
Z>. miranda, are evidently J?, ohscura, tfisiis, and subobscura — all of which 
are European, No species from eastern North America or from any other 
part of the world has yet been found that is structurally so much like 
pseudoobscura as are these. Until collecting is done in northern Asia (a 
region still almost completely unknown as far as its Drosophilid fauna is 
concerned), and until more genetic and cytological data concerning the 
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Palaearctic forms are available, it does not seem profitable to speculate 
concerning the time or the direction of the migrations between Europe 
and North America. The next most closely related forms seem to be the 
members of the D. affinis group, confined to North America. We have dis- 
cussed these elsewhere (Sturtevant and Dobzhansky 1937), and came 
to the conclusion that D, aihabasca (ranging from Alaska south to Oregon 
and Colorado) and D, azieca (Mexico) formerly occupied a continuous 
range, and were separated by an eastward extension of the range of the 
ecologically similar D, pseudoobsmra — a conclusion which again stands in 
agreement with the supposition that the latter originated on the Pacific 
Coast. 

To summarize, the presumed history of the group may be sketched as fol- 
lows, with the proviso that what we have here is merely a working hypoth- 
esis, every point being in need of further study. The original American 
member of the group lived somewhere on the Pacific Coast of the United 
States, and had the standard or the hypothetical gene arrangement in its 
third chromosome. Race A of D. pseudoobsmra^ among the known forms, 
is most like this ancestral type. From it D, miranda arose, probably in the 
northern part of the area. The h3pothetical sequence gave rise also to 
Santa Cruz, this event happening further to the south. Standard gave rise 
to race B, probably somewhere in California. Race B has remained on the 
Pacific Coast, gradually spreading northward. The Standard sequence in 
race A has spread much further east than the other old sequences, but has 
remained more frequent in its original home near the Pacific. In the Rocky 
Mountains it has given rise to the Pikes Peak arrangement. One may sur- 
mise that the wide range of the Arrowhead sequence is due to its being by 
chance predominant in the population that played the most important 
part in the eastward migration; it arose probably in or near the original 
coastal area. 

The Santa Cruz sequence arose very early, probably in California; its 
greatest development has been in the south. Its derivatives are the only 
tjpes so far known to occur in Mexico; perhaps the great differentiation 
occurred there, and was followed by a northward movement (which would 
then be postglacial in time) of Tree Line and Chiricahua, bringing them 
into the Rocky Mountains, among the standard derivatives that moved 
in from the west. One member of this group, the Ol3ntnpic sequence, has 
penetrated as far as the Puget Sound region.^ 

* la tke Paget l^uad region $jre to be found tluree race A sequences, of which Ol^onpic is only 
remotely related to the other two; two race B sequences; three different gene sequences in the 
second chioniosoine of race B and one in race A; an endemic type of Y chromosome in race B; 
Dr0$&pMlii wmmtda; B, (Ukubasca, No other area of similar size is known in which diversity ap- 
pmaciuBg this occurs. 
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THE RELATR^ FREQUENCIES OF DIFFERENT GENE 
ARRANGEMENTS WITHIN A REGION 

Most of the data available are based on samples that are too small to 
give adequate determinations of the frequencies of different sequences in 
a given region; they must be considered as qualitative rather than quanti- 
tative. Quantitative data promise to be interesting, and are now being 
collected. So far the most satisfactory results are all from southern Cali- 
fornia and adjacent Lower California; they are shown in table i. 


Table i 

Frequencies of different gene arrangements in ‘loild populations from some localities. The figures 
indicate the percentage frequencies among the total third chromosomes (n) tested from a given locality. 


LOCALITY 

STAND- 

ARD 

ARROW- 

HEAD 

CHIRICA- 

HUA 

SANTA 

CRUZ 

TREE 

LINE 

N 

I. Santa Cruz Island 

54-7 

16.7 

— 

28. 6 

— 

42 

2. Santo Tomas and Guadelupe 

59-4 

28.1 

3-1 

9.4 

— 

32 

3. East of Julian 

45-2 

25.8 

25.8 

3-2 


31 

4. West of Julian 

47-0 

3 S -3 

II . 8 

5-9 

— 

17 

c Banner 

57.1 

26.2 

14-3 

2.4 

— 

42 

Total 3, 4» and $ 

51. 1 

27.8 

17.8 

3*3 

— 

90 

6. San Gabriel Canyon 1936 

14.8 

27.8 

40.7 


16.7 

54 

ditto, 1937 

57-5 

27.7 

10.6 

— 

4.3 

47 

7. Providence Mts. 

8.0 

82.0 

10. 0 

— 

— 

300 


The two collections from Julian were made on two successive days, in 
October, 1936, at points about four miles apart; that from Banner was 
made in the following April at a point about seven miles east of the more 
eastern Julian locality, and at several thousand feet less elevation. These 
collections appear to have had substantially the same frequencies of the 
four gene sequencies concerned; they are little if any different from the 
Lower California populations (Santo Tomas, Guadelupe), which were 
collected in April 1936 at points somewhat over fifty miles from Julian but 
coimected by an area that is presumably inhabited throughout by large 
numbers of fseudoobscura. The other four populations shown in table i 
all appear to be significantly different from these and from each other. In 
the case of the two from San Gabriel Canyon this is of particular interest, 
since these represent collections from a single small locality, made in 
November 1936 and in April 1937. Evidently the proportions of the gene 
sequences concerned changed markedly during the winter, though the 
same four occur in each collection. It should be noted that this locality is 
much disturbed by man, being close to permanent dwellings and also a 
popular week-end resort. It is possible that sudi great fluctuations are not 
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usual under natural conditions; only further studies can decide this point. 
In general, the material on which the present investigation is based has 
been collected in localities as far as possible removed from human habi- 
tation. 

DISCUSSION 

As shown above, the overlapping inversions may be used as a tool for 
the study of historical problems. In this connection it is necessary to con- 
sider the question whether the same inversion may arise repeatedly. It 
is evidently of importance to decide how safe it is to assume that two 
chromosomes having a given gene arrangement are descended from a com- 
mon ancestor having the same arrangement. 

One of us (Sturtevant 1931) had concluded that such recurrences are 
frequent; we are now of the contrary opinion. The earlier argument was 
based on the wide geographical range of specific gene sequences in Z). 
melanogaster; we should now interpret the facts as indicating a high degree 
of constancy in gene sequence. Gershenson (^930) and Gruneberg 
(1936) have reported cases of “reinversion,” where a sequence has given 
rise to the ancestral sequence from which it was derived. We are not com- 
pletely convinced that other possible explanations (such as crossing over 
or contamination) have been excluded in these cases. In general, the chance 
of the occurrence of a new inversion, both of whose ends shall coincide with 
those of a previous one, seems very remote. A few instances are known in 
which one of the ends in two inversions seems so to coincide, but we are 
not acquainted with any examples in which such a coincidence has been 
fully demonstrated by a detailed comparison in saKvary gland chromo- 
somes. 

From our data it appears that the end-points of the inversions in the 
third chromosome of D, pseudoobscura are not distributed at random 
through the chromosome. Thus, several breakages are known in the short 
sections 76 and 77, and only two in the interval including sections from 
63 to 67 inclusive which constitutes more than one third of the total length 
of the chromosome. But even in the sections in which the breakages are 
numerous there are no unequivocal cases of exact correspondence — clearly 
the usual thing is that the inversion-points, even when they lie in the same 
region, are not identical. 

We can only conclude that, while recurrences of the same inversion must 
be recognized as possible, they are too improbable to be postulated in any 
given case.® We have used a number of strains that were homozygous for 

® Oae reservation may be made here, however. In many cases we bave identified sequences 
only by the configurations seen in heterozygotes. There exists a remote possibility that in some 
instaxKres we may be dealing with “mimic”' sequences, difiering by a few discs from those with 
whkh they are identified. In every instance where a sequence has a markedly discontinuous dis- 
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sequence, and have kept them for several years. It is clear that these, like 
similar strains of other species, have not undergone changes in sequence. 
The uniformity with which the Arrowhead sequence is found in the southern 
Rocky Mountain region may be taken as a further indication of the rarity 
with which new inversions occur. 

If new inversions arise rarely, it becomes of interest to inquire how some 
of them come to be established in vdld populations inhabiting large ter- 
ritories. We have no answer to give to this question, other than to say that 
inversions are in this respect not different from gene mutations and do not 
require any different theory — except in one respect. It has been questioned 
whether gene mutations that are wholly neutral in relation to natural 
selection can be supposed to exist. Inversions would seem to come closer 
to such a neutral condition than any other genetic character, if one neg- 
lects the possibility of position effects that they may produce. In general, 
heterozygosis for inversions decreases the amount of crossing over, and 
this may be of selective value in connection with heterosis effects. The 
magnitude of this effect of inversions cannot be evaluated satisfactorily 
at present, though experiments under w^ay in this laboratory should enable 
us to reach definite conclusions. 

On the other hand, heterozygosis for some inversions may have a slight 
unfavorable effect. Long inversions, such as Pikes Peak/Standard, should 
give an appreciable frequency of crossing over, and there should be some 
mortality among the offspring as a result (Sturtevaht and Beadle 1936). 
WTien two sequences differ by two inversions whose ends are not too dif- 
ferent, crossovers should occur giving inviable or poorly viable zygotes 
(Sturtevant and Beadle, loc. cit.). Perhaps the most likely combination 
for this effect is Pikes Peak/Arrowhead. It would seem that the Pikes Peak 
sequence should be at a selective disadvantage w^henever it occurs in the 
same population either mth Standard or with Arrowhead. And yet just 
these sequences are the ones with which Pikes Peak is most often as- 
sociated; it is probable that it does not exist in any considerable area that 
is free of the Arrowhead sequence. One is led to wonder how effective are 
slight increases or decreases in mortality in determining the fate of chro- 
mosome structures or genes in wild populations of this species. The ob- 
servation that autosomal lethals are present in approximately one-sixth of 
the third chromosomes of wild strains gives further point to this question. 

Drosophila pseudoobscura is, as species go, relatively constant in external 
morphology. We have had under observation some hundreds of wild 

tribution, representatives from tbe different regions have been tested directly, by stnd3dng the 
salivary gland chromosomes of homozygotes. A fairly large number of such direct tests has been 
made also for sequences showing continuous distribution. No "mimics” have been found. The 
reservation made here is not intended to cast doubt on the validity of the distribution maps shown 
in figures 4 and 5 . 
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strains, from localities scattered from British Columbia to southern Mexico 
and from the Pacific to Texas. None of these have been distinct enough so 
that we should feel certain of distinguishing unlabeled cultures from the 
external appearance of the flies. Yet this same material has been found to 
show striking heterogeneities in a variety of characters. The ^^strength’^ 
(testis size in B 9 XAd' hybrids) has been shown to be extremely variable 
(Dobzhansxy and Boche 1933; also unpublished data); seven different 
types of Y chromosomes occur (Dobzhansxy 1935b, 1937); the present 
account shows the existence of a wide diversity in gene arrangements. In 
addition, unpublished results show that there are frequent and marked 
differences in the modifiers affecting bristle number, in the genes affecting 
the number of male offspring produced by A-B hybrid females, and in the 
ease with which the various strains cross with Drosophila miranda. 

A comparison of the variability of the gene arrangement in the third 
chromosome with that of the structure of the Y chromosome leads to 
results that are suggestive. Each type of Y chromosome has a geographical 
distribution that roughly corresponds to that of one or more of the third 
chromosome sequences, as follows: 

Y chromosome Third chromosome 

Type I Oaxaca, Cuernavaca, Chiricahua 

Type IV Standard 

Type V Arrowhead ^ Race A 

T3rpe VI Pikes Peak, Chiricahua 

Type VII Estes Park, Tree Line 

T3q>e I Klamath 

Type II Cowichan 

Type III Standard, Sequoia 

These agreements are rather rough, but they may be made into a con- 
sistent scheme if it be assumed that the original Y chromosome was Type I 
(which is, morphologically, the largest of all, and looks as though all the 
others could be derived from it by losses of parts) . This Y was, on such a 
basis, originally associated with the Standard, ^^hypothetical,” or Santa 
Cruz sequences, probably with all three. In race A it has persisted only in 
part of the region that is occupied by Santa Cruz derivatives; in race B it 
has persisted throughout the range, but has become less common to the 
south. 

Tjpe IV of Y chromosome may be supposed to have arisen from T3pe I 
by loss of most of the short arm, Type V from Type IV by loss of a portion 
of the long arm. Types II, III, and VII perhaps came directly from Type I; 
Type VI, because of its structure, seems more likely to have come from I 
than from IV or V, and may therefore be tentatively associated with Chiri- 
cabua rather than with Pikes Peak. 


I Race B 
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All these suggestions are to be considered as speculative; they are pre- 
sented here as an example of the way in which such historical problems 
may be approached with this material. 

SUMMARY 

1. Strains of Drosophila pseiidoohscura coming from the same or from 
different geographical localities are frequently dissimilar with respect to 
the gene arrangement in their chromosomes. The variations in the gene 
arrangement are due to inversion of chromosome sections, no transloca- 
tions or other chromosome aberrations having been found. 

2. The third chromosome is the most variable one, seventeen different 
gene arrangements having been recorded; the second chromosome wdth six 
follows next; next are the right limb of the X chromosome with three, and 
the left limb of the X and the fourth chromosomes with two arrangements 
each. The fifth chromosome has not been sufficiently studied. 

3. Each gene arrangement occurs in a definite geographical area. Some 
arrangements have been recorded so far only in a single locality, while 
others are distributed fairly widely (figs. 4 and 5). In many localities the 
populations are mixed, four or more gene arrangements being present. 
However, none of the seventeen arrangements known in the third chro- 
mosome is present in the entire distribution region of the species. 

4. A chromosome once changed by an inversion may undergo another 

change due to a second inversion. The second inversion may be inde- 
pendent, included, or overlapping the first (fig. i). Overlapping inversions 
are especially interesting, since they allow conclusions to be drawn re- 
garding the historical sequence of changes in the chromosome involved. 
With three gene arrangements, A, B, and C related as overlapping in- 
versions, the phylogenetic series is A-^ — — ^C, but not (cf, 

pages 31-34). 

5. The gene arrangements recorded in the chromosomes of D. pseudo- 
obscura are as a rule related as overlapping inversions. This permits the 
drawing of phylogenetic charts representing the historical sequence of 
changes in the chromosomes in question (fig. 3 for the third, p. 48 for the 
second chromosomes). 

6. The overlapping inversion method itself does not permit the deter- 
mination of the original (ancestral) gene arrangement in a given chromo- 
some. Among the gene arrangements recorded in the third chromosome 
there exist however three arrangements (Standard, ^h3q)othetical/^ and 
Santa Cruz, see fig. 3) which on other grounds are likely to be ancestral 
ones. 

7. The overlapping inversion method is applicable for comparison of 
distinct species as well as strains of the same spedes. It is shown that 
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Drosophila miranda is more closely related to race A than to race B of D, 
pseudoobscura. 
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INTRODUCTION 

S INCE 1916, the senior author has carried on an extensive series of 
crossing experiments in the genus Paeonia, with the object both of ob- 
taining new horticultural forms and of securing evidence concerning the 
interrelationships of the species and the processes of evolution within the 
genus. Some accounts of the hybrids have already been published (Saun- 
ders 1928, 1933a, 1933b). The junior author began cytological work on 
the species and hybrids in 1932, continuing that started by the late Dr, 
G. C. Hicks, whose work along with additional data obtained by the 
junior author has also been published (Hicks and Stebbins 1934). Since 
that time the cytological as well as the morphological study of the hybrids 
has progressed steadily, except that it was somew^hat interrupted by the 
departure of the junior author for California in 1935. 

The following limitations prevent a cytogenetic study of this genus com- 
parable to that carried on in other genera, such as Crepis, Nicotiana, and 
Datura. Peony seeds are slow of germination, and the plant takes several 
years to mature; from the date of hybridization to the season of first 
blooms is usually a gap of six or seven years. This makes it difficult for one 
individual to raise many successive generations. An added difficulty is 
that most interspecific hybrids in Paeonia are completely sterile for at 
least two or three years after they first begin to bloom; older plants of al- 
most all the hybrids, when they have established themselves as strong 
clumps, set occasional seeds, usually not more than one or two to an entire 
plant. The size of the plants and the cost of their care through so long a 
period of years also make large scale experimentation for statistical data 
impracticable. There are in this collection at present several thousand 
hybrid plants of blooming age, representing more than thirty distinct 
strains. The range of attempted crossings was much wider, but as was to 
be expected many of them persistently failed to produce seed. 

SOURCE OF THE MATERIAL 

In any genus that contains a number of cultivated species, interspecific 
relationships are likely to be obscured by selection and hybridization under 
cultivation. For this reason, particular attention has been given to the 
source of the material used, and every effort has been made to determine 
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the genetic similarity of the various clones used to wild bio types. For- 
tunately for this purpose, the clones of Paeonia are very long lived, and 
the species are relatively infrequently propagated by seed, so that forms 
which have been in cultivation for many years are only a few generations 
removed from their wild prototypes. Furthermore, with a few notable 
exceptions, interspecific h^’^brids in the genus are so sterile that they can 
readily be identified, and in most cases would be very unlikely to con- 
taminate the pure species by backcrossing. Hence the cultivated clones 
that differ from the wild stocks of the same species are in most cases either 
hybrids between different varieties or biotypes, or strains resulting from 
the repeated selection of favorable mutations. The most notable exceptions 
to this rule, the tetraploid European species and garden forms, have for 
this reason been given relatively little attention in the general study of 
interspecific relationships in the genus, although significant evidence has 
been obtained as to the probable mode of origin of the group as a whole. 
This will be presented more fully in a later paper. 

The following table describes the origin and character of the clones most 
frequently used for hybridization. The letter r after the designation of the 
source indicates that roots were obtained, the letter s that seed was re- 
ceived, from which seedlings were grown by the senior author. The ap- 
proximate date of introduction into cultivation of each form is given, 
based on such published records as are available, while the number of 
generations which the particular clone used in hybridization is removed 
from the wild plant is estimated from notes received from the various 
horticultural firms, and from the frequency with which the form is grown 
and propagated. In the final column the abbreviation “herb.” indicates 
that the clone used has been matched with authentic herbarium speci- 
mens of wild plants, while “ill.” indicates that it compares closely with a 
published illustration accompanying the original or another authentic de- 
scription of the form. The taxonomic status of the forms designated with 
a star (*) is discussed elsewhere (Stebbins 1938). The name Van Tubergen 
refers to C. G. VanTubergen Ltd., Haarlem, Holland; Vilmorin, to 
Vilmorin et Cie., Paris; Glasnevin to Glasnevin Botanical Gardens, Dublin 
Ireland; and Barr to Barr and Sons, Ltd., London. 

COMPATIBILITIES OR THE SPECIES 

Although the number of matings made of any particular cross was in 
most cases not large enough so that accurate quantitative data could be 
secured concerning the degree of success, it was possible to group them into 
four dasses: 

I. Hybrids obtained as in crosses between individuals of the same 
variety (about 8o~ioo percent seed setting). 
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KATIVE 

H. 4 JBITAT 

DATE 

IKTBODUCED 

GEN-EEA- 



SOURCE 

TION’S FROM 

COMPARED 



WILD PLANT 


P. Delaiayi Franch, var. luka 






(Franch) Finet & Gagnep 

Van Tubergen — r 

S W. China 

iSSs 

2-3 

herb. 

P. sufruHcosa Andr 

P alhijtora Pall. 

various 

X.W. China 

? 

ae 

0 

The Bride (single) 

various 

X. China 

•3 

ac 


Clairette (single) 

various 

Manchuria 

p 

eo 

0 

Whitlej'i major (single) 

various 

Siberia 

? 

ao 

0 

Primivere (double) 

various 


5 

80 

0 

James Kelway (double) 

various 


p 

CO 

0 

P. anomala L. 

Highland Park 

Siberia 

1750 

p 

herb. ill. 

tj’pical 

Rochester, N.Y. — r 





Veitchti* 

\’ilmorin — r 

W- China 

1909 

1-2 

herb. 

W ood'irarin* 

Vilmorm — r 

W China 

1920 

1-2 

herb. 

Beresawskii* 

Glasnevin — r 
Leningrad B G. — s 

\V China 

1920 

1-2 

herb. 

vars. 

H.A Hesse 

W. Chma 

p 

p 

herb. 

P. £} 7 «)df-\Vall. 

Weener, Germany 
Glasnevin — r 

Hyde Park 

London — s 

Himalaya 

IS4O- 

1860 

2-6 

herb. ill. 



P. tenmfalia L. 

P. iriierncia Pall 

private garden — r 

S E. Europe 

1750 

p 

herb. ill. 

typical 

Barr — r 

S E. Europe 

iSio 

? 

herb. ill. 

Mlokosffivihchn (Lomak)* 

Van Tubergen — r 
and own — s 

Caucasus 

iSoS 

2-3 

111. 

P. Broteri Boiss* 

Barr— r 

Spain, 

Portugal 

iSSo- 

i8Ss 

2-5 

herb. ill. 

P, oboiala Ma-Yim 

Sakata & Co 

Japan 

1890- 

1-2 

herb 


Yokohama — s 


1900 



P. tomeniosa Stapf. (=sP. macro- 

Van Tubergen — r 

Caucasus 

IQOO- 

3-3 

iU. 

phylla of auth not Lomak , cf. 
Stapf 1931} 



1908 



P. coriacea Boiss 

Cent. Evpt. 

S. Spain, 

1870-1890 

? 

0 


Farm, Ottawa, — 
Onada 

Morocco 




P. Wiitmanniana Hartw. 






tj^pical 

Van Tubergen 

N. Persia 

1840-1845 

3-4 

0 

WillmoUiae (Stapf)* 

J, C. AUgrave 
l^angley, England — r 

W. China 

1908 

X 

0 

P. corallim Retz,* 

P, officinalis L. 

Vilmorm — r 

S. Europe 

? 

a» 

herb. ill. 

^gle cnrason 

own — s 

Europe 

p 

80 

0 

rubra plena 

various — r 

Europe 

? 

<0 

0 

Otto Froebe! 

various — r 

Europe 

? 

» 

0 


II. Hybrids obtained with some difficulty (2-80 percent seed setting). 

III. Hybrids obtained with great difficulty (less than 2 percent of nor- 
mal seed setting). 

IV. Hybrids not obtained. 

CompatibilUies between the diploid species. These are illustrated by the 
chart, figure i. This shows that the degree of compatibility between two 
forms is a good criterion for the delimitation of species and subgenera. In 
every case where the compatibility was perfect, the parents were dosely 
related and the hybrid fertile, indicating that the cross was between dif- 
ferent varieties of the same spedes. On the other hand, crosses between 
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Figure i. (See opposite page for description,) 
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members of different subgenera have never been successful^ while in only 
one case (P. albifloraXP^ triternata Mlokosemischii) has a cross between 
two diploid members of the same subgenus been unsuccessful after a large 
number of attempts. 

On the other hand, compatibility has been of no value whatever in de- 
termining the interrelationships within a single subgenus. For instance, 
P. anomala is fairly similar in leaf, sepal, and other floral characteristics 
to P. albiflora, but crossing between the two is very diflSicult; on the other 
hand it is relatively easy between P. anomala and P. triternata Mlokose- 
witschii or P. tenuifolia^ both of which are much more different in their 
appearance from P. anomala than is P. alhiflora. 

Compatibilities betu'een the tetraploid species. The tetraploid species, in 
contrast to the diploid, are uniformly perfectly compatible with each other, 
and most of them intercross naturally when placed side by side in the 
garden. Although many of the hybrids thus obtained are partially or 
wholly sterile, this ability for free intercrossing is undoubtedly an impor- 
tant cause of the taxonomic complexity of these species. 

Compatibilities betu'een diploid and tetraploid species. Only two tetraploid 
species groups have been tested sufficiently, P. officinalis (including the 
various varieties and horticultural forms mentioned above) and P. 
tomentosa. The compatibility of these two with the various diploid species 
is given in table i. A striking fact brought out by this table is that P, 
albijlora, which is veiy^ difficult to cross with the other diploid species, 
crosses relatively easily with the tetraploids. In this series also compati- 
bility was not the greatest betw^een species closely similar morphologically. 
For instance, P. triternata Mlokosewitschii and P. tomentosa, two species 
taxonomically very close to each other, cross with such difficulty that out 
of 54 pollinations only eight Fi plants have been obtained and yet P. 


Figure i. — Chart illustrating the compatibilities of the diploid species of Paeonia. With the 
exception of P. Emodi and P. ohavatCf each species within the rectangle representing the subgenus 
Paeon occupies a position between its two closest relatives; hence the closest taxonomic relation- 
ship is between adjacent species, and the greatest divergence is between species opposite each 
other. The lines between the rectangles representing subgenera, species, and subspecies are ex- 
plained as follows: 

===== Hybrids obtained as easily as in crosses between individuals of the same sub- 
species, fertile. 

Hybrids obtained with some difficulty (2 percent or more of normal seed setting) 

and sterile. 

Hybrids obtained with great difficulty ( 1 ^ than 2 percent of normal seed setting), 

sterile. 

XXXX Hybrids not obtained. 

A ? indicates that the number of attempts as yet made is insufficient to determine definitely 
the nature of the cross. The absence of a conna:tion between two rectangles indicates that the 
cross between these species has not been attempted. 
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tomentosa crosses relatively easily with the very distantly related species, 
P. albiflora. Furthermore, the compatibility of P. albiflora with some races 
of P. officinalis, such as the horticultural var. lobata, is very high, while 
other races of P. officinalis can be crossed only with great difficulty. This 
difference is illustrated in table i, where P. albiflora appears in several 
places under P. officinalis. 

The other unexpected fact is the behavior of reciprocal crosses between 
diploid and tetraploid species of this genus. Practically all such crosses 

Table i 


Table illustrating the compatibilities of two tetraploid species^ Paeonia ojicinalis and P. tomentosaj 

with the diploid species. 



officinalis 

to77tentosa 

I. Hybrids easily obtained 

albiflora* 


II. Hybrids obtained with some difficulty 

albiflora* 

albiflora 9 

III. Hybrids obtained with great difficulty 

albiflora* 

triternata 


tenuifolia 



triternata 

albiflora cf 

IV. Hybrids not obtained 

Delavayi 

anomala 


suffruticosa 

tenuifolia 


anomala 

Delavayi 



stiffiruticosa 

Not attempted 

Emodi 

Emodi 


ohovata 

obovata 


Broteri 

Broteri 


Brownii 

Brownii 


* See text for explanation. 


have been made with a tetraploid species as the pollen parent, and a dip- 
loid, usually P. albijlora^ as the ovulate parent. The results of reciprocal 
hybridization show that the cross between P. albiflora and P. tomentosa 
can be made much more easily with the former as the ovulate parent 
(Saunders 1933b). This is contrary to the rule in most other genera 
(Watkins 1932, and many other cases). In the other diploid-tetraploid 
cross listed, P. albifioraXoflicinaUSj there was no significant reciprocal dif- 
ference in compatibility. No explanation for this difference in behavior 
between the P. tomentosa and P. oflkinalis^ or for the unusual situation in 
the hybrid between the former and P. albiflora can as yet be given. It 
may be noted, however, that the seeds of Paeonia developed a copious 
endosperm, so that the disharmony between embryo and endosperm de- 
velopment postulated by Watkins would be expected to hold here. 




CYTOGENETIC STUDIES IN PAEONL\ 71 

APPEARANCE OF THE HYBRIDS 

In the appearance of the hybrid populations in general, the variability 
of the Fi plants from the same cross is most striking. This is particularly 
true in crosses which involve as one parent P, albiflora, P. sufriiticosa, or 
some member of the complex of P. officinalis. Since these three species 
have all been cultivated for centuries and possess a large number of horti- 
cultural varieties, the variation in the Fi populations probably reflects the 
heterozygous character of one or both parents. Nevertheless, sometimes 

Table 2 


The character of the sepals in diploid and tetraploid species and their hybrids. The character 
of the innermost sepal is expressed by the presence (-f) or the absence {—) of a strong midrib ’u.'hick 
persists to its apex, and the length of the terminal macro, if present {drawings, in figures 2 and 3). 


SPECIES 

OR HYBRID 

SOMATIC 

CHROMOSOME 

NUMBER 

USUAL 

NUMBER 

OR SEPALS 

INNERMOST SEPAL 

CHARACTER LENGTH 

OF OP 

MIDRIB MUCRO 

P. tenuifolia 

10 

7 

— 

0 

P. triternata Mlokoseioitsckii 

10 

4 


0 

P. anomala Veitchii 

10 

6 

+ 

5-7 mm 

P. anomala Wood’ii'ardti 

10 

6 


1.5-2 mm 

P. albiflora 

10 

7 

+ 

0. 5-1.5 mm 

P. officinalis 

20 

5 

+ 

0 

P. tomentosa 

20 

4 

— 

0 

P. tenuifoliaXan. Veitchii 

10 

7 

+ 

2 mrp 

P. tenuifoliaXan. Woodwardii 

10 

7 

+ 

1.5-2 mm 

P, iemiifoliaX albiflora 

P, tri. MlokosewitschiiXP ^ an. 

10 

7 


i-i . 2 mm 

Veitchii 

P. tri. MlokosermtschiiXP. an. 

10 

6 

-f 

1.5 mm 

Woodwardii 

10 

6 

+ 

0.2 mm 

P. albifloraXofficinalis 

15 

6~7 

is-h 

16— 

0-0.7 naiJi 

P. albifloraXtomentosa 

IS 

4*'5 

— 

0 


the variation within a single population transcends that of either of the 
parent species. For instance, among the Fi hybrids of P. albifloraXtomen- 
tosa, occasional dwarf plants with strap-shaped petals appear. These may 
be sibs of perfectly normal plants, or even of plants which show “hybrid 
vigori^ in the great size of their leaves. A similar situation prevails in the 
crosses of P. albiflaraXP* officinalis^ P. albijl&raXP* tenuifoUa, and P. 
DelavayiXP. suffruticosa. In crosses between species possessing few horti- 
cultural varieties, and presumably more homozygous, the Fi populations 
are much more uniform. 

Although the Fi hybrids of each cross are intermediate between their 
parents in nearly every characteristic, definite trends of dominance and 
recessiveness could be noted in a few, as follows: 
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The sepal characters. As is explained in another publication (Stebbdsts 
1938), the difference between the sepals of the species is one of the most 
significant taxonomic characters in the genus, and shows a progression 
from a phylogenetically primitive to an advanced condition. Since this 
character may be most accurately represented by the number of sepals 
and the character of the innermost sepal, a table showing these in the 
crosses involving sepal differences is presented in table 2. 



Figui^ 2 . — ^The sepals of: A. Faeonia anomala Woodwardii, B. P. temdfoUaXWoodwardii, 
C. P. tenuifoliaj D. P. dbiftoraXtemdfolia, E. P. albiflora. All Xi- 

This table shows that, while the sepals of the hybrids are to a certain 
extent intermediate between those of their parents, all of the diploid 
hybrids are more nearly like their more primitive parent, that is, that one 
which retains the appendage on the innermost sepal. Hence we may con- 
clude that the genes for the more primitive type of sepals are more or less, 
though not completely, dominant over those for the more advanced type. 
The various sepal tj^pes involved are illustrated in figure 2 and elsewhere 
(SxEBBiNS 1938). 

Noteworthy exceptions to this rule are found, to be sure, in crosses in- 
volving one of the tetraploid species, for example, P. officinalis or P. 
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tomentosa. In the P, albiflaraXtomentosa series, although about fifty Fi 
plants were examined, none was found in which the midrib of the inner- 
most sepal extended to its apex (fig. 3). One may conclude from this 
fact that the two diploid genoms 'which make up the tetraploid set of P. 
tomentosa both contain genes for the absence of a midrib and macro, and 
that therefore the double number of genes for this character present in the 
hybrid has overcome the normal dominance of the midrib-mucro genes. 
The hybrids between P, albiflora and P. Wittnianniana as well as P. 
coriaceOy two other tetraploid species closely related to the diploid types 
which lack the midrib and mucro, are quite similar, although in these cases 
only two or three plants were examined. 


Table 3 

The inheritajice of side huds. 



PARENTS 

HYBRID 

Pollen 

Oindate 


P. Intea 

-j- XP. sufriiticosa — 

(+) 

P. tenui folia 

— XP. anomala Veitchii (-h) 

- 

P. teniTifolia 

— XP. anomala W oodin'ardii + 

(+) 

an. Veitcbii 

( 4 -) XP. triiernata Mlokosewitschii — 

- 

an. Mlokosewitschii 

— Xan. W oodu'ardii + 

4- 

P. albiflora 

4- XP. tenuifolia — 

4- 

P. albiflora 

4-XP. officinalis — 

4- 

P. albiflora 

4-XP. coriacea — 

— 

P. albiflora 

4-XP. tomentosa — Fi 

4-, — 


F2 

+7 ” 


The Fi plants of P. albiflora XP- officinalis are quite different. Eighteen 
of them had sepals more nearly resembling those of P. officinalis while 
sixteen were nearer to P. albiflora in this character. These results suggest 
that the genom of P. officinalis^ in contrast to those of the tetraploids 
mentioned above, is heterozygous for the sepal character, and that segre- 
gation has occurred. This indicates a difference between the two original 
diploid genoms of this species. The importance of this fact in connection 
with the origin of P. officinalis and its relatives will be emphasized in a 
later publication. 

The number of flowers per plant. The more primitive species of Paeonia — 
P. Delavayij P. Emodi, most varieties of P. anomala, and P. albiflora 
— produce, in addition to the large bud that terminates the main axis, one 
to four small side branches that bear smaller buds and flowers. The other 
species, more advanced in their floral characteristics, bear a single flower 
on each stem. 

Table 3 shows the inheritance of this character in interspecific crosses. 
A + indicates the presence of side buds, a — , their absence. A (+) in- 
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dicates that the side branches are weakly developed, and frequently fail 

to produce flowers. 

This table shows that, as in the case of sepal characteristics, the hybrids 
resemble more nearly the primitive parent, although here exceptions are 
observed. One among the diploid species is the hybrid P. anomala V eitchii 
XP. triternaia Mlokosewitschii. Its significance is reduced, however, by 
the fact that side branches are often weakly developed or absent in 



Figure 3. — ^The sepals of: A. Paeonia tomentosa; B. P, albifloraXtomentosaj “Seraph.” The 
gynaecia, at anthesis, of C. P. tomentosa; D. P. aUdfloraXtomentosaj “Seraph”; E. P, alhiflora 
(Vihnorin seedling). A, B, Xh C-E Xi. 

Veiichii, while in its close relative, typical P. anomala^ they are absent 
altogether. 

In the triploid hybrids, as shown in the table, the expression of this 
character varies considerably, and no satisfactory explanation for its mode 
of inheritance was obtained. 

The character of the seedlings, Paeonia tenuifolia differs from all other 
species of the genus, except P. Brownii, in that the cotyledons of the young 
seedlings are regularly raised above the ground, becoming green and 
functional as in most dicotyledons, whereas in the other species (except 
rarely in the subgenus Moutan) they are retained within the seed as 
storage organs, and the first visible leaf of the young seedling is developed 
from the plumule. In all of the hybrids of which P. tenuifolia was the 
ovulate parent the cotyledons were raised in the seedlings, and this was 
true also of P. anomala Veitchu $ XP. tenuifolia cf and Woodwardii 
9 XP. tenuifolia cf . The retention of the cotyledons underground must 
be considered a specialized characteristic; hence in this as in the previous 
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cases the more primitive characteristic tends to be dominant in inter- 
specific hybrids. 

The leaf characteristics. In their leaf characteristics the hybrids are as a 
rule intermediate between their parents, and there is no apparent tendency 
for the primitive leaf, the much lobed but not divided type, to be domi- 
nant. 

THE IXHERITAXCE OE INTERSPECIFIC DIFFERENCES 

In interspecific hybridization, the usual result is that the Fi hybrid is in 
eveiy" respect nearly or quite intermediate between its parents. East (1935) 
after an able summarj^ of the characteristics of the numerous and 'well 
known interspecific hybrids in Nicotiana has concluded that the form of 
any organ in a species is the result of the action of a large number of genes 
working together to create a typical ^reaction pattern/’ and that ^^all 
constituents of the pattern are active in modifying the pattern of the hy- 
brids, and the grade of these modifications is little affected by differences 
in the amount of chromatin contributed” (p. 433). 

The interspecific hybrids of Paeonia follow, in general, this principle. 
Intermediate ^^reaction patterns” similar to those figured by East occur 
regularly in hybrids between the diploid species in the following charac- 
teristics: leaf shape, lobing, and dissection; petal size and shape; shape and 
degree of development of the staminodial disk; and the shape of the fol- 
licles and stigmas. Nevertheless, the following exceptions may be noted. 

1. In three characteristics, the reaction patterns of diploid hybrids 
tended to resemble more closely one parent than the other. These charac- 
teristics, sepal number and shape, the presence or absence of a branched 
inflorescence, and the character of the cotyledons in the seedling, are all 
of phylogenetic significance in the evolution of the genus, and in every 
case there is a tendency for the more primitive condition to be dominant 
over the more specialized or advanced. This is most striking in the case of 
the primitive nature of the cotyledons of the hybrids involving P. tenuifolia 
since here in some cases a gene introduced through the chromosomes of 
the pollen parent expresses itself at the earliest stage of the germination 
of the seed. The evidence from Paeonia, therefore, points to the fact that 
in certain characteristics involving the phylogenetic principle of reduction, 
most of the mutations which produce the difference between species are of 
the recessive type. A similar situation was found by Clausen (1931) in 
Viola, where such primitive characteristics as the perennial habit are 
dominant in interspecific hybrids. 

2. In one of the diploid-tetraploid crosses, P. (dbiflaraXtomentosa^ the 
evidence points definitely to the fact that the tetraploid contributes more 
to the ^reaction pattern” of the hybrid than the diploid. The greater 
resemblance to P. tormntosa in sepal characteristics has been described 
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above (table 2, fig. 3) and the resemblance of the Fi hybrid to P, tomentosa 
in stature and leaf shape has been described by the senior author in a 
previous paper (Saunders 1933b). There is an even more striking re- 
semblance to P, tomentosa in the appearance of the follicles at anthesis, 
(fig.3, C-E). 

The triploid hybrids of another cross, P. albifloraX officinalis did not 
show a striking resemblance to their tetraploid parent, but were nearly 
intermediate. This has been noted above for the sepal characteristics, and 
by Saunders (1933b) for their stature. An analysis of leaf patterns was 
not feasible, due to the extreme complexity and variability of this charac- 
ter in P. officinalis^ but the type of lobing characteristic of P. albiflora was 
very nearly approached in some of the hybrids. The explanation of the 
different results in these two sets of diploid tetraploid crosses probably lies 
in the different origin of the tetraploid parent, P. tomentosa is taxonomi- 
cally a more homogeneous, constant species than P. officinalis^ and the 
high number of multivalents found at meiosis in this species (to be de- 
scribed in a later paper), indicates that the two diploid genoms that 
compose its set are closely homologous, that is, it is genetically an auto- 
polyploid. P. officinalis is, however, highly polymorphic, has a low pro- 
portion of multivalents at meiosis, and the systematic and genetic evidence 
points to its allotetraploid nature. Furthermore the diploid genoms com- 
posing it were probably derived from widely separated diploid species, 
which differed profoundly in leaf, sepal, and follicle characteristics. In this 
connection it is perhaps significant that all three of the Nicotiana tetra- 
ploids referred to by East are probably allotetraploids (Goodspeed 1934), 
and that at least one, N. Tabacum, is derived from two widely different 
diploid species. The evidence here presented, therefore indicates that 
while, as East maintains, the amount of chromatin contributed by one 
parent has little effect on the genic pattern of the hybrid, nevertheless the 
number of duplicated gene pairs contributed by (that is, the amount of 
autopol3?ploidy in) one parent is of significance. The same conclusion was 
reached by Anderson (1936) after a comparison of diploid and tetraploid 
hybrids of Tradescaniia canaliculata and T. subaspera. 

SOME ABNORMAL CHARACTERISTICS OF THE HYBRIDS 

A discussion of the appearance of these hybrids is not complete without 
an account of the striking abnormalities that have appeared in some of 
them. These are: 

A bnormal growth of the petals with partial suppression of the stamens. In 
the hybrid, P. triternata MlokosewitschiiXP, anomala Woodwardii the 
young buds are abnormal in their oblong rather than spherical shape. This 
is due to the premature elongation of the sepals, and the failure of the 
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petals to develop at a normal rate. The buds often do not open completely, 
expanding only enough so that the color of the petals may be seen. At this 
time the petals have reached normal size, being intermediate between those 
of the parents of this hybrid. The stamens are almost completely sup- 
pressed, appearing as strap-like appendages barely 2,5 mm long, as 
opposed to 10 mm and 12 mm in the two parents (fig. 4C). In the cen- 
tral flower, these rudiments never produce pollen mother cells, but the 
lateral flowers contain a few scattered, minute anthers in which are 
formed pollen mother cells, and, after a ver>^ irregular meiosis, a scant 
amount of sterile pollen. 

In the hybrid between Mlokosewitschii and P. anomala, the young buds 
are elongate like those of MlokosewitschUy^Woodwardii, but they finally 



Figtjke 4. — ^The stamens of : A. Paeonia anomala Woodu^ardii; B. P. triternata Mlokosewitschii; 
C. Mlokosewitschii 9 'KWoodwardii cf; D. Mlokosewitschii 9 XP. anomala typica d*. All X2. 
E. Modified stamens of Paeonia albifloraXP. anomala Woodwardii; F. Normal foUicle of the same 
(at anthesis); G. Modified stamens of P. albifloraXP. anomala Veitchii. All X 2. 

expand into normal flowers. The anthers are somewhat suppressed, being 
only one sixth to one fifth as long as those of the parents, but they produce 
some, though a reduced amount, of pollen (fig. 4D). 

The third hybrid of this series was a reciprocal to the others, P. anomala 
Veitchii XP. kitemata Mlokosewitschii. It is perfectly normal in bud shape, 
and in the development of its sepals, petals, and stamens. It produces as 
much pollen as its parents, although this is almost completely sterile, due 
to the very abnormal meiosis, which will be described in a subsequent 
paper. Hence it seems likely that the suppression of growth of the organs 
appears only when Mlokosewitschii is the ovulate parent for this series of 
crosses. 

Partial sex reversal. An even more striking abnormality appeared in the 
crosses between P. albijlora, and the various varieties of P. anomala. In 
the hybrids P. albifloraXP- anomala Woodwardii, and P. albifloraXP. 
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anomala Beresowskii, the stamens are replaced by a large number of rudi- 
mentary carpels. These have normal looking stigmas, but they are com- 
pletely open along the ventral suture, and do not produce even the 
rudiments of ovules (fig. 4E, 4F). The abnormality is most pronounced in 
the central flower. In the lateral flowers stamens wdth thin, strap-shaped 
anthers are often formed, which, in P. albifloraX anomala typica occasion- 
ally produce pollen. The true follicles are normal in appearance, though in 
some cases more numerous than in normal flowers, and occasionally de- 
velop seed. In the final hybrid of this series, P. albifioraXP. anomala 
Veitchii^ the abnormality is much less pronounced. Here stamens with 
anthers are regularly produced, but these have pink, sterile tips, and oc- 
casionally produce stigmas from their tips or sides (fig. 4G). No reciprocal 
hybrids of this series have yet been made, so that there is no evidence to 
indicate whether or not these abnormalities would, as in the previous case, 
be absent when P. anomala and its relatives were used as the ovulate 
parents. 


INHIBITIOK OF GROWTH IN RECIPROCAL HYBRIDS 

The abnormalities found in the hybrids between P. triternata Mlokose- 
witschii and the varieties of P. anomala may be compared, so far as our 
results go, with the situation found by many workers in interspecific hy- 
brids of Epilobium (Lehmann 1928, 1931; Michaelis 1931 etc.). The 
parallelism between the two cases may be summ^arized as follows: 

1. In both cases, the abnormalities found in the Fi hybrids consist 
exclusively in the inhibition of growth or development in one or more 
organs or (in the case of Epilobium) in the plant as a whole. 

2. In both cases there is a reciprocal difference. In Epilobium the in- 
hibitions appear most abundantly in the plasma of £. hirsutum and £. 
parvifiorum^ when the pollen parent is a species widely separated taxonomi- 
caUy, while in our case the abnormalities appear under similar conditions 
in the plasma of P. triternata Mlokosewitschii. 

3. In both cases the amount of inhibition varies with the genetic con- 
stitution of the pollen. Schw^emmle (1934) has demonstrated the presence 
of Mendelian factors in races of E, rosenm which affect the intensity of 
inhibition in the plasma of E. hirsutum. In Paeonia, the inhibition in 
growth of the anthers is much more marked in P. triternata Mlokosewitchii 
XP. anomala Woodwardii than in MlokosewitschiiXP. anomala typica. In 
this case there is an interesting correlation between the extent of the in- 
hibition and the luxuriance of the plant. The variety Woodwardii has small 
leaves and flowers; the typical form is taller, and with larger leaves and 
flowers. It is likely, therefore, that the genic complex in Woodwardii which 
produces the strong growth inhibitions in the plasma of Mlokosmitschii is 
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the same or similar to that which effects the reduction in size of the organs 
of the homozygote. The stamens of Woodwardii are normally smaller than 
those of the typical form, the average lengths being 9 and ii mm respec- 
tively, but in their hybrids in the plasma of Mlokoseunischii the difference 
is much greater, the average lengths being 2 mm and 7 mm respectively. 

The situation in Paeonia is also closely parallel to that found by 
Dobzhansky (193s) and Dobzhansky and Sturtevant (1935) in Droso- 
phila pseudoobscura. These workers have demonstrated by means of care- 
fully controlled genetical tests that a reciprocal difference in testis size 
found in crosses between race A and race B of this species is due un- 
questionably to maternal effect rather than to plasmatic inheritance. In 
view of their findings, and the similar though less complete results of 
ScHWEMMLE (1934) in Epilobium the writers are inclined to believe that a 
similar explanation is the most satisfactory one for the phenomena de- 
scribed in Paeonia, as well as in Epilobium, in spite of a considerable 
amount of evidence to the contrary in the latter case (Michaelis 1933). 

As a possible clue to the explanation of this maternal effect the experi- 
ments of Bellingshausen (1935) which demonstrated a greater viscosity 
in the cytoplasm of Epilobium hirsutum than in that of jE. luteum, and a 
correspondingly lower permeability to electrolytes and lipoid soluble sub- 
stances, are worth noting. In the living sporocytes of Paeonia triiernaia 
and its subspecies the cytoplasm is much more opaque and more heavily 
granular than that of P. anomala, and that of the former species stains 
more heavily after fixation. This suggests that the cytoplasm of P. triter- 
nata has, like that of E. hirsutum^ a high viscosity and low permeability, 
and that this is directly connected witfi. the maternal effect. Apparently 
cytoplasm of a high viscp^ity ai^ a low permeability to lipoid soluble 
substances*is most favoraj^je to the action of growth inhibiting genes in the 
hyjirM ge^iom. Vhill^a less viscous and more permeable cytoplasm favors 
the^Ction of the genes determining normal growth. 

The case of partial sex reversal parallels that of the inhibition of anther 
growth in the following respects: 

1. Here also the growth of the anthers is inhibited. When not replaced 
by rudimentary carpels, they are usually thin, strap-shaped structures 
which produce very little or no pollen. 

2. The abnormalities appeared only when P. anomala and its subspecies 
were used as the pollen parents, although the ovulate parent was in this 
case P. albijlora^ which is a little less distant taxonomically from P. 
anomala than is P. trikrnata Mlokosewitschii and which does not have the 
dense appearing cytoplasm of that spedes. 

3. The different varieties of P. anomala, when used as poOen parents, 
produce the same difference in the degree of expression of the character in 
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the Fi hybrids. In the Fi of P. alhiflora 9 XP. anomala Woodwardii & or 
Beresowskii d (a plant similar in the size of its leaves and flowers to Wood- 
wardii) it is most extreme. In P. albifloraXP * anomala typica it is less so; 
while in P, albifloraXP- anomala Veitchii^ which has leaves and flowers as 
large as or larger than those of subsp. typica, in the Fi hybrid it was the 
least noticeable. 

4. In both cases the character is expressed most strongly in the central 
and less so in the lateral flowers. 

In plants, sex reversal can be caused either by the environment (Can- 
nabis, ScHAPPNER 1921), or by the action of combinations of genes (Zea, 
Jones 1934; Nicotiana, Goodspeed 1930). Neither of these agencies can 
explain satisfactorily the present case. The hybrid plants have been grow- 
ing for several years in the same plot with normal species and hybrids, and 
have year after year produced unfailingly these abnormalities. Hence the 
action of the environment can in this case be dismissed without question. 
On the other hand, no similar sex reversals have appeared in any of the 
parent species, or more particularly in any of the numerous horticultural 
varieties of P. alhiflora which have been grown in this garden, nor in any 
interspecific hybrids except those mentioned above. Hence any explana- 
tion based purely on genic action must assume that there are certain genes 
and modifiers in P. alhiflora and P. anomala which acting separately have 
no effect on sex expression, but, acting together in this particular set of 
hybrids, produced the results observed. Whether this is the correct ex- 
planation of these sex reversals, or whether they are due to a cytoplasmic 
effect similar to that responsible for the inhibitions in the Mlokosewitschii 
X anomala hybrids, will depend on the nature of the reciprocal hybrid, 
when or if it is obtained. 

The authors are much indebted to Professor E. B. Babcock for helpful 
advice and criticism and to Mrs. Katherine D. Jenkins for the execution 
of the chart, figure i. 


SUMMARY 

1. Some of the results of 20 years of hybridization work with wild 
species and cultivated forms of Paeonia are described. 

2. The degree of compatibility between diploid species is a valuable 
criterion for delimiting species and subgenera, but gives no information 
concerning the interrelationships between the different species of a sub- 
genus. 

3. Tetraploid species are as a rule completely compatible with each 
other. 

4. Of the diploid species, P. alhiflora can be crossed relatively easily 
with any of the tetraploid species, but the others cross with difficulty or 
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not at all. The cross P, albifloraXtomentosa is made most easily mth the 
tetraploid as pollen parent, while in the cross P. albifloraX officinalis there 
is no reciprocal difference in compatibility. 

5. The Fi hybrids are morphologically intermediate between their 
parents, and in crosses invohdng P. albijlora or P. officmalis show a re- 
markable degree of variability. 

6. In some characteristics, namely, the number and morpholog}’ of the 
sepals, the presence or absence of side buds, and the character of the coty- 
ledons, there is a definite tendency for dominance of those traits which are 
less specialized, and therefore phylogenetically primitive. 

7. In diploid-tetraploid crosses, there is a strong tendency for the domi- 
nance of the characteristics of the tetraploid, if the latter is, as indicated 
by its morphological and cytological characteristics, nearly or completely 
of autopolyploid origin. 

8. In Fi hybrids between P. triternata Mlokoseuiischii and the various 
varieties of P. anomMa, there is a marked suppression of the anthers when 
the former is the ovulate parent, but one series of hybrids with it as the 
pollen parent is normal in this respect. This suggests the presence of a 
plasmatic inhibition of anther development, which varies in intensity de- 
pending on the subspecies of P. anomala used. 

9. In Fi hybrids between the various subspecies of P. anomala and P. 
albijlora, when the latter is the ovulate parent, var^dng degrees of sex 
reversal of the anthers are found, ranging from the presence of stigmatoid 
tips on the anthers of P. albijlor a X anomala Veitchii to complete replace- 
ment of the anthers by rudimentary follicles in P. albijlora X anomala 
Woodwardii. Since there is a marked correlation between the degree of 
effectiveness of the different varieties of P. anomala in producing this ab- 
normality when used as pollen parents on P. albijlora, and their effective- 
ness in producing suppression of the anthers when used on P. triternata 
Mlokosewitschii, it is suggested that the two phenomena are similar in 
origin. 
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INTRODUCTION 

T he cytological study of the numerous species and hybrids in the 
Saunders collection has now been carried on intermittently for five 
years, during which time a considerable amount of data have been ac- 
cumulated. The present paper aims to present the most significant findings 
in the diploid species and hybrids, particularly insofar as they help to 
explain species relationships in this most complex and interesting genus. 
The somatic chromosomes of Paeonia have already been studied by 
Langlet (1928), Dermen (1933), and D.a.rk (1936), and those in meiosis 
of some species and hybrids by Sax (1932, 1937b, Dark (1936), and the 
present writer (Hicks and Stebbiks 1934). These studies have revealed 
not only very favorable chromosomes for a study of chromatid relation- 
ships, but also a large amount of structural hybridity. The latter subject 
is, of course, of prime importance in connection with interspecific relation- 
ships and species evolution, and has received particular attention in the 
present paper. 

MATERIAL AND METHODS 

The source of the plants used for this study has been discussed in detail 
by Saunders and Stebbins (1938). Fortunately, due to the presence of a 
large number of wild and little cultivated species gathered together by 
Dr. Saunders, the difficulty expressed by Dark (1936), that hybridkation 
under cultivation has obscured the relationships of many paeony species, 
has largely been overcome. As previously mentioned (Saunders and 
Stebbins 1938), this difficulty is confined chiefly to the tetraploid species 
and varieties of Europe. For this reason they have received less attention 
than the diploids which, with two exceptions (P. suffruticosa and P. 
dbifiora) represent nearly or quite pure species genetically. As wiU be seen 
these two much cultivated species are cytologically indistinguishable from 
the wild ones. 

The somatic chromosomes were obtained mostly from smear prepara- 
tions, made according to the “Kochmethode” of Heitz (1926) and two 
different modifications of it: (i) that of Whitaker (1934) and (2) the 
following method, devised by Dr. A. P. Saunders. A bit of tissue (in 
Paeonia young anthers and stigmas are used in preference to root tips, 
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since they are more easily obtained) is placed on a slide, flooded with 
50 percent acetic acid, covered with a cover glass, and boiled gently on a 
hot plate for 1 5-20 seconds; by that time the tissue is translucent and soft. 
The cover glass is then removed, and the slide is dried as completely as 
possible with absorbent paper. The tissue is then smeared with the edge 
of another clean slide, flooded with a fixative (LaCour's 2 BD was most 
frequently used) and fixed for 5--10 minutes. It is then stained with New- 
ton’s iodine-gentian violet in the usual manner. This method, though some- 
what erratic, produced excellent results in many cases, success depending 
largely on the completeness with which the tissue could be smeared so that 
the smear was only one or two layers of cells in thickness. In many cases 
the chromosomes were spread out flat, as in Whitaker’s method, so that 
they could easily be measured. Although the boiling in acetic acid damages 
considerably the outer cells of the tissue, the inner cells are little or not at 
all affected, so that if the tissue is well smeared these can be stained to 
show not only the gross morphology but in addition many of the internal 
details of the chromosomes. 

The meiotic chromosomes were studied entirely from smear preparations 
fixed in LaCour’s 2 ED and stained with Newton’s iodine-gentian violet. 

Drawings were made with a camera lucida at a magnification of 5000, 
and were reduced to one-third this size in reproduction. 

THE SOMATIC CHROMOSOMES 

The species of Paeonia show a striking similarity in both the number 
and the morphology of their chromosomes. All are either diploid with n == 5, 
or tetraploid with n = io, Although the numbers of most of them have 
already been given by Langlet (1928) and Dark (1936), the following 
coimts are reported here for the first time. Diploid (n == 5) : P. Browniiy 
Broteriy obovata, Tetraploid (n = 10): P. corallina, Corsica^ iomentosa. Those 
previously reported as tetraploid are P. tenuifoUa ^^hybrida,’^ P. officinalis 
and relatives, P. Wittmanniana, and P. coriacea; all of the others are dip- 
loid. P. corallina and perhaps P. Corsica contain both diploid and tetra- 
ploid forms, but the tetraploid count reported by Langlet for “P. obovata 
alba” is probably based on the Chinese form of P. Wittmanniana ( = P. 
WiUmoUiae Stapf), which is frequently known in cultivation by the above 
name. 

In their morphology, the chromosome sets of all of the diploid species 
conform to the same karyotype. This is illustrated in figure i, which shows 
the haploid complement, drawn from selected chromosomes of the somatic 
anaphase, of a representative of each of the diploid species. P. Brotvnii, 
which is taxonomically and genetically remote from all of the other species, 
is not illustrated, as it forms a problem by itself, which will be dealt 
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with in a later paper. Its karyotype is, however, quite similar to those 
of the other species. This karyot}q)e consists of one pair of long chromo- 
somes with median or submedian constrictions, (designated as A), two 
pairs of shorter chromosomes, also wdth median or submedian constrictions 
(B and C), one pair (D) wdth submedian to subterminal constrictions farm 
ratio about 2:1), and often a small satellite on the shorter arm, and the 

Table i 

The proportional length of the arms of ea-ch member of the haploid chromosome set of the diploid species 
of Paeonia. In each case^ the length of the long arm of the E chromosome is taken as 1, 


MEAN 

PROPORTION.VL LENGTH OF ARilS ARM 

ABODE DEFICIENCY 

PERCENT 


P. Delamyi 

1,0, .64 

.84, .76 

.76, .64 

.So, 44 

I, .20 

29 

P. suffridicosa 

1.04, .73 

•SSj -73 

.81, .62 

.77, -42 

I, .IS 

31 

P. Emodi 

1.02, .83 

.82, .70 

• 74 , -59 

•85, .44 

I, .19 

30 

P. anomala typica 

•97, -So 

.87, .70 

• 77 , -53 

■ 97 , -47 

I, .17 

28 

Veitchii 

1.03, .76 

.83, .69 

.79, .62 

• 97 , -52 

I, .21 

28 

Woodwardii 

1.04, .79 

.88, .71 

•83, -67 

.96, .31 

I, .17 

27 

P, albiflora 

.97, .80 

■8, .73 

.87, .67 

• 97 , -SO 

I, .20 

25 

P. tenuifolia 

I.O, .83 

•S3, .67 

.87, .67 

• 9 , *47 

I, .20 

26 

P. triternata 







Mlokoseantschii 

.89, .71 

• 79 , -61 

.68, .46 

■82, .39 

I, .21 

34 

P, Broteri 

.91, .82 

.79, -67 

•79, -58 

•85, -39 

I, .18 

30 

P, obovata 

.89, .71 

.82, .71 

• 75 , *57 

■86, .39 

I, .18 

31 


final pair (E) with subterminal constrictions and a satellite on the shorter 
arm. 

The size of the chromosomes of all the species is nearly the same, as is 
evidenced by measurements made at meiotic anaphase. Such size dif- 
ferences as appear in the diagrams are due to unavoidable differences in 
the cells used for drawing, and comparable differences can be found in the 
different tissues of any plant of Paeonia. The same may be said of the size 
differences in the figures of Dark (1936). The two forms, P. BeresowsMi 
(P. anomala Beresowskii) y and P. Smouthi (P. alMjloraXtenmfoUa) whose 
somatic chromosomes appear smaller than the others (his figures id and if) 
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have meiotic chromosomes of exactly the same size as those of the other 
species. This is illustrated for P. Smouthi in his figures iib and c, and in 
figure 5 of the present paper, while figure 4 of this paper represents a 
variety of P. anomala taxonomically very close to Beresowskii, and with 
chromosomes of just the same size. Hence differences between the com- 
plements of the various species, as noted also by Emsweller and Jones 
(1935) in Allium, cannot be very well expressed by a recording of the actual 
length of the chromosome arms. In Paeonia, however, each species is 
characterized by a definite relation of the lengths of the different arms to 
each other, and this relation can be expressed and compared in the dif- 
ferent species if the length of a particular arm in any given set is used as a 
unit, and the lengths of the other arms of that set are given in terms of 
that unit. This was done and results are recorded in table i. These 
emphasize the general similarity between the complements of the different 
species, but show also that, even with the slight differences that exist, 
there is more similarity between subspecies of the same species and closely 
related species, than between species widely separated taxonomically. For 
instance, the correspondence between the figures for the three forms of 
P. anomala is very close, and the three species with entire leaflets and with- 
out strong midribs on their innermost sepals, namely, P. triternata Mlokose- 
witsckii, P. Broieri, and P. obovata all resemble each other in the relatively 
smaller size of their D and particularly their A chromosomes. On the other 
hand, the wide taxonomic difference between P. Delamyi, P. suffruticosa, 
and the herbaceous species is not reflected by any comparable difference 
in their chromosomes, the greatest difference being the marked inequality 
in the arms of the A chromosome in the shrubby species, particularly 
P Delavayi. On the basis of these ratios, the “mean arm deficiency,” as 
defined by Levitzky (1931), could be calculated, and is recorded in 
table I. As expected, there is little difference between the various species 
in this figure, and here again similar values are correlated with taxonomic 
similarity of the varieties and species. 

The complements of the tetraploid species are more difficult to measure, 
on account of the greater number of the chromosomes, and their crowding 
on the cell plate, but such observations as were made indicate that they 
are quite similar to those of the diploids. The haploid complement of P. 
corska (fig. lE) contains the same typ^s as P. triternata Mlokosewitschii 
and P. obovata, its near relatives among the diploid species, but each type 
is represented by two chromosomes. The inequality of the two representa- 
tives of each type, particularly the D and E chromosomes, indicate that 
the form of P. Corsica in the Saunders collection is an allotetraploid. This 
indication is supported by the configurations found at meiosis, as will be 
described in a later paper. 
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Unfortunately, no satisfactory preparations to illustrate the somatic 
chromosomes of the other tetraploid species were obtained. The tetraploid 
varieties of the P. corallina complex resemble somewhat in their external 
morphology P. Corsica, and their chromosome complement is also similar. 
That of P. tomentosa, another species of this general relationship, is also 
similar, all these tetraploid species resembling their diploid relatives in the 
relatively small size of their A chromosomes, which are hardly distinguish- 
able from the B and C pairs. No c^Tological preparations have been made 
of P. coriacea, Wittmanniana, and Willmottiae, which are not as 3"et well 
established in the Saunders garden. Langlet's report of the tetraploid 
number for these species is supported by observations of meiosis in hybrids 
of them with P. albiflora and tomentosa, and by measurements of their 
stomata. 

The complex of P. officinalis, the largest and most polymorphic of the 
species complexes in the genus, deserves special attention on account of 
other evidence concerning its origin, and will be treated in a later paper. 

MEIOSIS IN THE DIPLOID SPECIES 

Hicks and Stebbins (1934) described some features of meiosis in P. 
albiflora, tenuifolia, iriternata Mlokosewitschii, and siiffniikosa, in which 
emphasis was placed on certain abnormalities : asynapsis, abnormal sepa- 
ration of bivalents, fragmentation, and “chromatid fusion.” The latter 
phenomenon is in most cases associated with fragmentation (Hicks and 
Stebbins 1934, figs, i and 2), and is therefore the result of chiasma forma- 
tion in an inverted segment (McClesttock 1933; Dark 1936). Neverthe- 
less, “chromatid fusion” may occasionally occur without any evident 
fragment (Sax 1932, fig. 12), and in these cases has probably resulted from 
some other cause. Fragmentation may not infrequently occur from causes 
other than chiasma formation in an inverted segment, as is clearly shown 
by Hicks and Stebbins (1934 fig. 19) and by figures 6 A and 6D presented 
here (see below^, under description of hybrids). Of the diploid species which 
were not studied previously, two, P. anomala, particularly the forms 
Veikhii and Woodwardii, and P. Delavayi are important as parents of the 
hybrids to be considered here. These resemble most P. iriternata Mlokose- 
witschii in their relatively high percentages of fragmentation and of ab- 
normal separation. These are recorded in table 2, which includes also 
another plant of Mlokosewitschii, whose behavior was somewhat different 
from that recorded in the previous paper, and three additional strains of 
P. albiflora. The plant called “Vilmorin” is a white single, received from 
Vilmorin et Cie., Paris, as the wild P. albiflora, although it differs con- 
siderably from any herbarium specimens of this form seen by the writer. 
It has larger relatively narrower leaves and larger flowers, with broader, 
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Tabxe 2 


Frequowy of abnormalities in the species. 



PERCENT OF CELLS 

PERCENT OF CELLS 

PERCENT OF CELLS 


WITH 

WITH 

WITH ABNORMAL 


UNI\^ALENTS 

FRAGMENTS 

SEPARATION 

P. albiflora 

“Vilmorin’’ 

13 

3.8 

2.5 

Saunders no. 725 

9.8 

S -3 

1.8 

Saunders no. 1505 

2.2 

4.2 

0.4 

P. anomala 

Veitchii 

21 

19 

3-5 

“Hesse” 

26 

29 

6.7 

P. Emodi 

18 

7.2 

0.7 

P. triternata MlokosewHsckH, 

No. 2792 

22 

19 

i-S 

P. Ddavayi 

var. lutea 

33 

18 

7.6 


less strongly notched petals. No. 1505 is a white single seedling from an 
ordinary horticultural variety. 

From table 2 it is evident that the species fall into two groups with 
respect to the frequency of abnormalities. P. albiflora, Emodi, tenuifolia, 


Table 3 

Chiasma frequencies of the species. 


P. albiflora 

NUMBER 

OF NUCLEI 

X ta 

BIVALENT 

S.E. 

TERMINAL X ta 

BIVALENT 

TERMINALIZA- 

TION 

COEFFICIENT 

“Vilmorm” 

50 

1.59 + 0.04 

0.71 

0.44 

“Silvia Saunders” 

75 

i.75±0.03 

0.83 

0.47 

Saunders no, 725 

20 

i.6o±o.o6 

0.68 

0.42 

Saunders no. 1505 

P. anomala 

SO 

1.72+0.04 

0.93 

0-54 

Veitchii 

30 

i.93±o.o6 

1. 16 

0.45 

Woodwardii 

30 

i.75±o.05 

0.92 

0.52 

“alba” (Hesse) 

30 

1.85+0.07 

0.77 

0.42 

P. Mmedi 

30 

1.70+0.08 

0.89 

0.52 

P. tenuifdia 

30 

1.85+0.05 

0.99 

0.54 

P. triternata MlokosewitscHi 

34 

i. 85 ±o.o 6 

0.86 

0.46 

P. Ddmayi var. ItUea 

32 

1.80+0.06 

0.92 

0.50 

P. suffrutkosa 

30 

i.S8±o.o6 

0.62 

0.41 
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and sufniticosa have a relatively low percentage of all t>^es, while in 
P. anomala, triiernata^ and Delavayi this is relatively high. Fresh prepara- 
tions of the only clone of P. tenuifolia available, and of P. albiflora ^^Silvia 
Saunders” showed conditions essentially similar to those already recorded, 
as did also those of another plant of P. sufniiicosa. 

pK'w 

piw/ 

K 

Figure i.— The haploid chromosome sets, drawn from somatic anaphases of; A — P. Ddavayi; 
B— P. suputicosa; C— P. Emodi; D— P. ammala typica; E— P. anomala Veitchii; F-— P. alhi- 
flora (Viimorin seedling); G— P. tenuifola; H— P. iriiernaia Mlokoseuiischii; I— P. Broteri; J— 
P. ohovata; K— P. cm’ska (Barr’s var.). 

In addition, the chiasma frequency at metaphase of the various species 
was computed, and is shown in table 3. The most striking fact evident from 
a study of these figures is the great similarity between the species, and the 
lack of any correlation between chiasma frequency and percentage of 
as3mapsis. T his is due to the higher percentage of bivalents with three and 
four chiasmata in P. dnotnsla, triiefnQtc Idlokosewitschii, and Delavoyi, as 
is illustrated in figure 2, showing the five bivalents from a nucleus of P. 
anomala Veitchii with a relatively high number (i 2) of chiasmata. There is 
a consequently greater coefficient of variability of the mean chiasma fre- 
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quency in these species, though this difference is only in some cases signifi- 
cant, for example, as between P. tritermta Mlokosewitschii, C.V. =-45.7 
+ 2.5, and P. temufolia C.V. =37.2 ± 2.1 (D/S.E. = 2.6). This difference is 
illustrated in the diagram, figure 3. 

The terminalization coefficients at metaphase are essentially similar in 
all of the species, and here again there is no correlation with the meiotic 
abnormalities. 

In addition to the abnormalities described above, multivalents have 
been found in two diploid species. In P. Delavayi these are as described and 
illustrated by Dark (1936), and were interpreted by him as the result of 
the pairing of reduplicated segments of non-homologous chromosomes. 



Figure 2. — ^The five bivalents from a nucleus of Paeonia ano?nala Veiichii at first metaphase, 
showing an unusually high number (12) of chiasmata for this species. 

Their occurrence in this species, however, is very rare, as in the material 
investigated by the writer only two cases were seen in about 200 cells, and 
with the exception of a doubtful case in P. suffruticosa, multivalents of 
this type have not been found in any other diploid species of Paeonia. 

In one form of P. anomala, including all of the plants received from Dn. 
Hesse (cf. Saunders and Stebbins 1938) a different type of multivalent 
was observed in 60-80 percent of the metaphase nuclei. There were either 
trivalents or quadrivalents, and they were in the form of rings or chains, 
with or without terminalization of chiasmata (fig. 4A, C, D). They always 
included the submedianally constricted (D) pair and one of the smaller 
medianally constricted (B or C) pairs of chromosomes. In most of the 
nuclei of this form which did not contain multivalents, there were three 
pairs of equal homologues and two unequal pairs, each involving one B or 
C and one D chromosome (fig. 4B). This condition apparently resulted 
from the failure of chiasma formation in two of the arms of an x-shaped 
multivalent pachytene configuration such as that illustrated by Cooper 
and Brink (1931) for Zea, and, along with the lack of triple chiasmata in 
the multivalents, is strong evidence that this race of P. anomala is hetero- 
zygous for an interchange of non-homologous segments, involving a large 
portion of the long arm of a D, and of one arm of a B or C chromosome. 
Two different plants were studied, one from the group received as P. 
anofn&la, and one from those designated P. anomala alba, and since both 
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showed the same type of multivalent and unequal bivalent configurations, 
it is very likely that these occur in all of the plants. An extraordinar>" fact 
is that their pollen is about 75-“8o percent \dable, as determined by germi- 
nation tests. Since cytological observation indicates that in three-fourths 
of the cells the separation is ‘^disjunctional,” that is, homologous chromo- 
somes pass to opposite poles, this fertility is not unexpected. 



0 12 3 4 

namker of cht^sm^td 


Figure 3. — Chiasma distribution in Paeonia triternata Mlokosewitschii (at left) 
and P. temiifoUa (at right, not cross-hatched). 


An explanation for the preponderance of disjunctional separations in 
organisms with tenninalized chiasmata is given by Darlington (1937, 
pp. 151-152), that is, that such rings are flexible enough that the ‘‘forces 
of repulsion associated with the centromere are able to effect regular dis- 
junction. . . This explanation holds at least to some extent in P. anomala 
even though the chiasmata are not completely tenninalized, since they are 
mostly near the distal ends of the chromosome in this configuration, and 
are never numerous as in Pisum and Hyacinthus. Furthermore, the 
chromosomes of Paeonia are unusually large for their nucleus, giving a 
“crowded” cell plate (Darlington 1936a), in which the free distal ends of 
the longer bivalents are actually near the end wall of the cells. Hence it 
seems likely that pressure from the cell walls would in most cases prevent 
the formation of the open non-disjunctional type of configuration illus- 
trated in figure 4D, and would absolutely prevent the linear orientation of 
a trivalent. This latter configuration has not been found. 
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Figtjee 4. — A. Chromosome complement from a nucleus at first metaphase of P. anoniala 
(Hesse seedlings), showing a chain quadrivalent. B. Another nucleus, showing two unequal bi- 
valents. C. Another nucleus, showing a trivalent and a univalent. D. A single quadrivalent, ar- 
ranged “non-disjunctionally.” 

Table 4 


Characteristics 0/ ike hybrids 


P. albijhra'Kknuifolia 

a\T!:rage ko. 

XJ^T^’ALENTS 

PEB NUCLEUS 

PEBCENT 

OF CELLS 

with: 

MULTI\'. 4 LENTS 

PEBCENT 

OF IN^'EBSION 

CONFIGURA- 

TIONS 

Xta 

BIVALENT 

TEBM. 

COEFF. 

PEBCENT 

OF 

STEBILE 

POLLEN 

8280 

I.26±0.I5 

O 

2.7±o.4 

1. 21 

0.47 

SO-60 

8276 

6556 

0.92±0.II 

0 

0 

2.2±0.4 

1. 41 

1.30 

0.42 

0.44 

50-60 

50-60 

P. albiJloraXanomaia Veiiekii 6428 

i.I 4 ±o.i 6 

2.7±I.7 

4 . 4 ±x .6 

X.29 

0.43 

OS-96 

P. anomala BeresovesktiXEmodt 

P. ienuiJoliaXanomala Veitchii, 

2.62±0.i6 

2 . 4 ±i -7 

j6.o±3.2 

0.95 

0.36 

95-00 - 

no. 6430 

P, lenuifoliaXO'nainaia Woodwardii, 

3.56+0,18 

20 ±4 

II, 9 ± 1.8 

0.82 

0.36 

96-99 

no. S093 

P. ienuifdia Xtriiernaia Mlokise- 

2.74+0.16 

0.3+2. 8 

6 . 3 ±x .3 

0.96 

0.47 

96-99 

wUschii 

3.44+0.17 

15 ±3.6 

7.9+i.S 

0.78 

0.49 

q 6-99 

*P, iemifoUaXtriternata ? no. 6581 
P. anonuUa VeiicknXtriiernata 

3 . 46 ±o.r 9 

8 +2.7 

7 - 4 + 1. 4 

0.77 

0.39 

96-99 

Mlohoscmischii, nos. 346S, 3469 

3.81 + 0.16 

16.2+3.6 

I 3 . 3 ± 2.3 

0.77 

0.50 

96-99 

no. 5360 

P. Dehsayi var. lutea Xsuffruiicosa, 

2.6i±0.22 

2I.4+S-4 

7 . 8 ±i .4 

0.94 

O.3S 

96-99 

“Argosy” 

3.66±o.22 

iS-i±2.6 

1I.2± I.S 

O.S4 

0.45 



* This is the plant received from Barr and Sons as P. ammala, and is discussed elsewhere (Stebbins IQ38). 



MEIOTIC BEHAVIOR IN THE DIPLOID HYBRIDS 

The group of hybrids which are the subject of this study includes all 
possible crosses between four of the herbaceous species of the subgenus 
Paeon, P. aibiflora^ P. anamala Veitchii and Woodwardii, P, tenuifoUa^ and 
P. Wii&rnaia Mlohosmiischii^ and between the two shrubby species of the 
subgenus Moutan, P. Delmayi and P. suffruticosa. Members of different 
subgenera cannot be crossed, and within Paeon the cross P. albifloraX 
iriiernatu Mlokosewitsckii has failed in spite of repeated efforts (Saunders 
and Stebbins 1938). 

The characteristics of meiosis in the various hybrids are summarized in 
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table 4, Since in these hybrids many nuclei contain only 3, 2, i, or even 
o bivalents, the mere listing of the percentage of cells with univalents is 
not significant as it is in the species, where practically all of the nuclei con- 
tain either 5 or 4 bivalents. The average number of bivalents per nucleus, 
moreover, cannot be accurately determined in many of the hybrids, on 
account of the frequent presence of trivalent and quadrivalent associa- 
tions. Hence the amount of chromosome pairing characteristic of each 
hybrid is best expressed by giving the average number of univalents per 
nucleus. The percentage of cells with fragments also cannot be satisfac- 
torily listed, since in many cases the univalents split at first anaphase, 
producing single chromatids which are in many anaphases impossible to 
distinguish from large single chromatid fragments. On the other hand, the 
chiasma frequency is here low enough so that two chiasmata occur only 
rarely in an arm bearing an inverted segment, and hence the percentage of 
bivalents showing a fragment and a continuous chromatid is some indica- 
tion of the amount of pairing of inverted segments in these hybrids. 

This table shows that the hybrids are of two t^^es. In the first t^’pe, 
represented by P. albiflora X tenuifolia and P. albiflora X anamala 
Veikhii, the chromosome pairing is nearly as complete as in some of the 
species, and the reduction in chiasma frequency is relatively slight. 
Furthermore, the percentage of nuclei bearing fragments, though greater 
than that in the parents of these two hybrids (Hicks and Stebbins 1934, 
table i) is about the same as in several of the diploid species. There is a 
low percentage of configurations indicating chiasma formation in an in- 
verted segment, and multivalent configurations, as in the species, are 
absent or rare. The terminalization coefficient in all of the hybrids shows 
the same range of variation as in the species, and since the prophase stages 
could not be studied in this material, this figure is of relatively little signifi- 
cance in Paeonia. Figure 5 shows a first metaphase nucleus of P. albiflora 
XtemiifoUa no. 8276, in which there is complete pairing, a relatively high 
number of chiasmata (9), and a case of distal interlocking, which is not 
uncommon in Paeonia. It is interesting to note that in their cytological as 
well as their morphological characteristics the seedlings of this cross pro- 
duced recently in the Saunders garden, represented in this study by nos. 
8276 and 8280, are essentially the same as the clone, Smouthifl of the 
same hybrid which was produced almost a hundred years ago, and is repre- 
sente.d in this work by three different plants, no. 6556 recorded here, and 
nos. 6550 and 6582, recorded by Hicks and Stebbins (1934)* Since this is 
true in spite of the fact that the slides on which the studies are based were 
made during three different seasons, 1932, 1933, and 1934? there is good 
evidence that normal fluctuations in the external environment have little 
effect on meiosis in this hybrid. 
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In regard to pollen sterility nos. 8276 and 8280 also compare rather 
closely with P. Smouthi. Although there are about 40 percent of normal 
appearing grains, only a small percentage of these are viable under artificial 
conditions of germination. In the other hybrid of this group, P . albifloraX 
anomala Vdtchii, nearly all of the pollen is shrunken and obviously sterile. 

The members of the second group, which constitute the majority of the 
diploid hybrids, show a much higher degree of meiotic abnormality in 
every respect. First metaphase nuclei which show complete pairing are 
relatively rare, occurring in only 6-13 percent of the total while the most 
frequent number of bivalents per nucleus is correspondingly lower, and in 
every case the number of chiasmata per (potential) bivalent is less, than 



Figure 5. — ^The five bivalents at first metaphase from the hybrid P,albifioraXtenuifolia (no. 
8276), showing an unusually large number of chiasmata for this hybrid, and a case of distal inter- 
locking. 

one. The hybrids are all essentially the same in this respect, and such signi- 
ficant diSerences as exist occur between hybrids whose parents were dif- 
ferent plants of the same species, that is, between P. tenuifoliaXP. anomala 
Wood-wardii, as well as between the two numbers of P. anomala VeitchiiX 
P. triternata Mlokosewiisckii, nos. 3469 and 5360, of which the Mlokose- 
witschii parents were different plants. 

Fragmentation is extremely common in these hybrids and may result 
either from chiasma formation in an inverted segment, or from other un- 
known causes. Both types are shown for P. Delavayi var. luteaXP. suf- 
fruiicosa, “Argosy,” in figure 6A in which the left hand bivalent shows a 
fragment still paired with the normal chromatids, while one of the uni- 
valents has split, and of the separate chromatids one has broken in two, 
and the other, situated near the upper pole of the spindle, shows a partial 
break. In figures 6B-D, also from “Argosy,” fragmentation of bivalents is 
seen. Figure 6B shows a stage preliminary to that illustrated by Hicks 
and SxEBBiNS (1934 fig- 19), while figures 6C and 6D show two stages of 
the same type of fragmentation involving two chromatids. 

An abnormality not encountered in any of the species or in the hybrid 
P. alhifioraXtenmfolia, but occurring in all of the other diploid hybrids is 
the formation of “restitution nuclei” at the end of the first division of 
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meiosis, and the consequent presence of a single metaphase plate at the 
second division, resulting in the formation of dyads of diploid gametes. 
A second metaphase plate of this type is illustrated in figure 7 of P. 
anomala VeitchiiXP^ triternata Mlokosewitschii. While generally most 
frequent in the hybrids in which chromatin bridges are also the most com- 
monly found, and due partly to the persistence of these bridges, as is 
evidenced by the frequent presence of dumbbell shaped nuclei, the forma- 
tion of restitution nuclei at first telophase occurs in one hybrid in which 
chromatin bridges are relatively uncommon, P. albifloraXanomala Veil- 
chii. This hybrid, although it forms only two percent more chromatin 
bridges than P. albifloraXtenuifolia, nevertheless produces restitution 



Figure 6 A-D, — ^Four different t>T)es of fragmentation in P. Ddavayi var. 
luteaXsuJruticosa “Argosy.” Explanation in the text. 


nuclei in 12 percent of its sporocytes, while no such nuclei have been seen 
among about 300 sporocytes at second metaphase in P. albifloraXtenui- 
folia. On the other hand, P. anomala VeitcknXtenmfolia, although it has 
almost three times as high a percentage of chromatin bridges (11.9 percent) 
as P. albifloraXanomala Veitchii nevertheless forms only 14 percent of 
restitution nuclei. That persistent chromatin bridges do not in most cases 
produce by themselves restitution nuclei is made evident by the frequent 
presence in such species as P. suffruHcosa and P. triternata Mlokos&ivitschii 
(Hicks and Stebbins 1934, figs. 2 and 8) of quite distinct homoeotypic 
metaphase plates connected by such a bridge. 

The most characteristic and unusual meiotic abnormality in the h3^brids 
of this group except for P. anomala Beresou^skiiXEmodi is the formation 
of trivalent, quadrivalent, and quinquevalent associations. These con- 
figurations often show at late metaphase or early anaphase triple or quad- 
ruple chiasmata, like those illustrated by Dark (1936, fig. 7) for P. 
Delamyi. This suggests that they are probably produced by the pairing of 
reduplicated segments, as suggested by Dark, but another explanation is 
possible, that many small interstitial translocated segments are present in 
these hybrids. This explanation however, is made less probable than 
Dark's by the following facts: 
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I. Study of a single chromosome pair (that with sub terminal constric- 
tions) in different cells of P, Delavayi var. luteaXP. suffruticosa indicates 
that chiasmata may form at almost any point along the length of the 
chromosomes of this pair (fig. 8, A-G). The separation of a completely 



Figure 7. — “restitution nucleus” at second metaphase (polar view) of P. 
anomala Y eUchii'Ktriternata Mlolzosewitschii. 


terminal chiasma is not included in this figure, but is illustrated in figure 
1 1 A, and many such chiasmata were observed at metaphase in other cells. 
Nevertheless, at least three different t37pes of multivalent configurations 
occur which involve one or both members of this pair and those of a differ- 
ent pair (figs. loA, E, F, G, H). If these are due to translocations, therefore, 
the total length of each translocated segment cannot be greater than i/io 
the length of the chromosome. 



Figxjee 8. — The E bivalent of P. Ddavayi var. latea'X.suffruticosa, form 7 different nuclei, show- 
ing chiasmata in normal (A-E) and in two different inverted segments (F, G). 


2. The low chiasma frequency characteristic of all of the hybrids in 
which these multivalents are abundant indicates a lack of homology be- 
tween the parental chromosomes, and a relatively loose association 
between them at pachytene. The formation of triple and quadruple 
chiasmata, however, requires a rather intimate t3q)e of pairing in certain 
regions, with frequent exchanges of partners as in polyploids (Darlington 
i 937 j PP- 119-122), which could be expected to occur only rarely in such 
hybrids. On the other hand, reduplicated segments occurring in two dif- 
ferent chromosomes derived from the same parent would be completely 
homologous, and hence might be expected to pair rather frequently, if the 
corresponding segments derived from the other parent were less homol- 
ogous. Further evidence in this direction is presented below. 
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3. In one case (fig. 9, A-C) , two different cells of the hybrid P. tenmfolia 
XP. anomala Veitchii each contained a trivalent apparently involving the 
same three chromosomes, one with a submedian and two with median 
constrictions. In both figures two chiasmata are present, one normal, in- 
volving the two median chromosomes, and the other, formed in an inverted 
segment, involving one median and one submedian (D) chromosome. The 
former type of chiasma is in figure 9A in a different arm from the latter, 
while in figure 9B the two chiasmata are in the same arm. The inverted 
chiasma is in figure 9A nearer the distal end of the median and the proxi- 



Figure 9. — ^A, B. The same trivalent from two different nuclei of P. ienuifoliaX anomala 
Veitchii; C, a bivalent from another nucleus involving the two D chromosomes; D and E two 
different t3Tpes of trivalents from the same hybrid. Further explanation in the text. 


mal end of the submedian chromosome, while in figure 9B it is nearer to 
the distal end of the submedian chromosome. If, as is suggested by the 
similar size of the tw^o fragments, two chiasmata were formed at different 
points along the same inverted pairing segment, then the two members 
of the submedian (D) pair should not form chiasmata in this segment, 
unless the segment occurs in all three chromosomes. The fact that in an- 
other cell of the same hybrid the two D chromosomes were found paired 
in this fashion (fig. 9C) indicates that the two trivalents illustrated result 
from chiasma formation in an inverted reduplication. 

ANALYSIS OF STRUCTURAL HYBRIDITY IN P. Delavavi 
VAR. luiea X P. suffruHcosa 

On accoimt of their variety and complexity, configurations of this type 
have been studied intensively in one hybrid, P. DelavayiXsuffmikosa, 
“Argosy,’’ of which exceptionally good preparations were obtained during 
the seasons of both 1933 and 1934. The two sets of preparations show no 
observable differences from each other, suggesting that even this very 
irregular t3^e of hybrid meiosis is in Paeonia little affected by normal 
fluctuations in the external environment. 

The simplest type of configuration found is illustrated in figure loA, a 
quadrivalent resulting from pairing of a reduplicated segment involving 
the distal end of the long arm of the subterminally constructed (E) pair 
and of one of the medianally constricted (A, B, or C) pairs. The reduplica- 
tion in figure loB involves the shorter arm of a submedianaliy constricted 
(D) chromosome and a proximal segment of a median pair. 
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In all of the other multivalents illustrated chiasma formation has taken 
place in inverted as well as reduplicated segments. In figure loC two sub- 
median (D) homologues are held together by a chiasma in an inverted 
proximal segment of their long arms, and the distal end of each is paired 
with a medially constricted chromosome, in one case by a reduplicated 
segment which is apparently at the very end of one, but not of the other 



Figure io. — ^]Multivalent configurations from different nuclei of P. Delavayiva-i. luteaXsuf- 
fruiicosa “Argosy,” showing with each configuration a diagrammatic interpretation of the meta- 
phase configuration and the probable pachytene configuration from which it arose. Further ex- 
planation in the text. 

chromosome. In all of the other configurations illustrated a chiasma has 
formed in an inverted reduplication of otherwise non-homologous chromo- 
somes, while one or both of these have in addition formed a normal chiasma 
with their true homologue. In figures loD and loE the inverted reduplica- 
tion is distal to the normal chiasma, so that the fragment is paired with 
chromatids representing only two of the three members of the trivalent, 
while in figures loF, loG, and loH, it is proximal, and the chromatid 
fragment is paired with chromatids of three different chromosomes. 
Figure loH shows at the left evidence of a deficiency in one of two homo- 
logues. In figure loB a single chromatid has broken, while figure loC 
shows a type of fragmentation similar to that in figure 6D. Figure iiA 
shows a whole nucleus in which half of the tan chromosomes have formed 
a quinquevalent which involves the pairing of three different non-homol- 
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ogous chromosomes by means of reduplicated segments. Figure iiB is a 
very complex trivalent containing two fragments, one larger and one 
smaller. It has apparently resulted from chiasma formation in two different 
inverted segments, one belonging to homologous chromosomes, and the 
other an inverted reduplication. 



Figure ii. — Further configurations from ‘^\rgosy.'' Explanation in the text. 


Figure iiC is a remarkable type of bivalent found only occasionally, for 
which two possible explanations exist. Either it is the result of a reduplica- 
tion involving the two ends of the same chromosome, or of a long inversion 
involving the attachment constriction. The latter, suggested to the 
author by Dr. D. G. C.atcheside, is the more likely. 

DISCUSSION 

T}ie significance of interspecific differences in 
the character of meiosis 

The diploid species of the Old World subgenera of Paeonia are all es- 
sentially alike in the size and external morphology of their somatic chromo- 
somes, and the present work demonstrates also their slight variability in 
two characteristics of meiosis, the frequency and distribution of the 
chiasmata at metaphase. Nevertheless, there are definite differences be- 
tween the species in one cytological characteristic — the percentage of 
meiotic abnormalities, particularly of fragmentation. In this respect the 
species can be roughly divided into two groups; P. alhiflora, Emodi, 
tenuifoUa, and suffruticosa with a low percentage of these abnormalities, 
and P. anomala, triternata, and Delavayi in which they are relatively fre- 
quent. As emphasized previously (Hicks and Stebbins 1934) there is no 
correlation between the percentage of these abnormalities and that of 
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asynapsis or of pollen sterility, and from the results of this study it may 
be said that there is also none between it and the chiasma frequency. In 
fact the chiasma frequencies of those species with frequent abnormalities 
have slightly, though not significantly higher averages than those in which 
they are less common. 

Since the fragmentation is due chiefly to chiasma formation in inverted 
segments, and since the chiasma frequency of all of the species is approxi- 
mately the same, the percentage of fragmentation in a species probably is 
roughly proportional to that of the inverted segments for which it is 
heterozygous. Therefore P. triternata^ anomala, and Delavayi, or at least 
the clones of these species here studied, are heterozygous for a considerable 
number of inversions. The following points favor the view that in these 
species there is a relatively large number of small interstitial inverted seg- 
ments, rather than that the segments are of the same number as, but 
larger than those in the species which show few chiasmata in inverted seg- 
ments: 

1. Occasional configurations resulting from chiasma formation proximal 
to an inversion, as well as in it, were found i^figs. loD, E). 

2. In some cells both arms of all of the medianally and submedianally 
constricted chromosomes were united by chiasmata, but in none of these 
was there a chromatin bridge and fragment. In such cases chiasma forma- 
tion must have been in every case distal to the inverted segments. 

3. No configurations were found corresponding to those illustrated in 
Richardson^s (1936) Diagram i as resulting from the formation of two 
chiasmata within an inverted segment. 

4. In one hybrid, P. Delavayi var. luteaXP. suffruticosa, the length of 
one inversion was determined as not exceeding i/io the length of the 
metaphase chromosome (fig. 8). Probably similar short inversions are re- 
sponsible for the rare occurrences of the bridge fragment configurations in 
such species as P. alhiflora. 

It will be noted that the three species with more numerous inversions 
not only represent both of the Eurasian subgenera (P. Delavayi in sub- 
genus Moutan, P. anomala and P. triternata in subgenus Paeon), but that 
the last two species are, respectively, nearly the most primitive and nearly 
the most advanced of their subgenera (Stbbbins 1938). Furthermore, they 
represent the geographical extremes of the range of the genus, since the 
range of P. triternata^ in the region about the Black Sea, is near the 
southern limit of the range of at least the diploid species, while P. anomala 
mnges much farther north than any other species of Paeonia. There is, 
however, a significant taxonomic characteristic which these species have 
in common. AH three of them are morphologically very variable in nature, 
while the other species, P. albiflora, Emadi, suffruticosa^ and tenuifolia are 
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much more constant in the wild state, although in albiflora and siiffniHcosa 
there is a multitude of horticultural forms. This suggests that, although 
the production of new varieties under cultivation has taken place chiefly 
through gene mutation, the variations found in nature are due at least 
partly to the formation of^inversions. The suggestion of Hicks and Steb- 
BiNS (1934), that the production of var\Tng forms, or ecot^^es, might be 
effected by the accumulation of the smaller, non-Iethal deficiencies pro- 
duced by fragmentation is not substantiated by a study of the somatic 
chromosomes of the different forms, since no significant difference is found 
between the different forms of a species. On the other hand, Muntzing 
(1934) has demonstrated that new types of chromosomes could arise 
through breakage of chromatin bridges, some of which may have trans- 
locations added, so that by alternation of translocation and fragmentation 
considerable structural change could be produced without visible altera- 
tion of the karyotype. However, one crucial test of this hypothesis as 
applied to these species of Paeonia does not favor it. Although one would 
expect, on this basis, that hybrids between two of the races of any of these 
species would show more structural differences than the races themselves, 
this has not proved to be the case. A cursory examination of meiosis in 
P. anomala V eitchiiXW oodwardii was suflScient to determine that it is as 
regular, if not more regular than in the parent species, and the hybrid is as 
fertile as its parents. For this reason, furthermore, the role of structural 
change in producing isolation, and thus favoring independent mutation, 
as mentioned by Stern (1936), cannot have been important in the evolu- 
tion of the races (ecotypes) of P. anomala. 

Darlington (1936b, 1937, P- 273) has given an explanation which 
exactly fits the case of these species of Paeonia. He points out that the 
presence of many small inversions, by inhibiting effective crossing over in 
the regions in which they occur, and thereby “holding groups of genes 
together as units’^ may establish a “group-discontinuity, a fission in the 
species.” This effect is exactly what is seen in the taxonomic characteristics 
of P. Delavayij anomala^ and triternata. In Paeonia, with its low number of 
chromosomes, crossover suppression would be unusually effective in pro- 
ducing discontinuity. 

Differences in the frequency and distribution of chiasmata 

Although the chiasma frequencies and terminalization coefficients at 
metaphase do not show any differences between the species that are cor- 
related with any other characteristics, there are nevertheless some interest- 
ing points to be noted. In the first place, the chiasma frequencies of both 
species and hybrids are all about 0.3-0.4 higher than those recorded for the 
same forms by Dark (1936). Dr. Dark has very kindly examined repro- 
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ductions of figures 3 and 5, and assures me that this difference is actual. 
Two possible explanations for this occur to me : 

1. The strains in the Saunders garden are different from those ex- 
amined by Dark. This seems hardly likely in view of the consistency of the 
differences. Furthermore one form, P. Smouthi, is a sterile hybrid which is 
very difficult to produce, and therefore every probability exists that the 
clone of this species in Mr. Stern’s garden is identical with that of Dr. 
Saunders. 

2. The differences in climatic conditions between England and central 
New York are responsible. During the early part of the growing season at 
Clinton, from late April until mid-May, sudden changes of temperature 
are the rule. The nightly temperature may drop to 30° F ( — i°C) or even 
2o°F ( — 7“C) as on May 15, 1936, while the daytime temperatures usually 
reach 7 5-80° F (24-27° C) for a few days during that period. The extremes 
over the same period in England are much less. Although Sax (1937a) has 
shown that sudden changes of temperature produce asynapsis in Trade- 
scantia and Rhoeo, this need not be true in aU genera, particularly those 
whose natural distribution and time of flowering is that of Paeonia. All of 
the species whose chiasma frequency is here reported are natives of regions 
where extremes of temperature are the rifle (Siberia, Manchuria, western 
China, the Himalaya and Caucasus Mountains) and are undoubtedly ad- 
justed to them. Hence the climate of Central New York is normal for 
them, while that of England is not. This abnormality of the external en- 
vironment may be responsible for the unusually low chiasma frequency 
and high percentage of as5mapsis found by Dark. A crucial test of this 
explanation would, of course be obtained by keeping a plant of Paeonia in 
a constant temperature chamber during the beginning of its spring 
growth. 

Distribution of abnormalities in the hybrids 

Although no tjrpe of meiotic abnormality occurs in the hybrids which is 
not found also in at least some of the species, all of the abnormalities are, 
as would be expected, more common in the hybrids than in their parents. 
An unexpected result, however, is that the amount of abnormality in the 
hybrids is not at all proportional to the difficulty with which their parents 
can be crossed, or with the degree of taxonomic difference between them. 
The easiest cross to make between diploid species is P. ienuifoliaXtriter- 
nata Mlokosewitschii, but the resulting hybrid has a very abnormal meiosis. 
On the other hand, the two most difficult crosses to make are P. albiflora 
Xionuifolia and P. albifloraXanomala, and yet these two hybrids are in 
their meiotic behavior the least abnormal of the series. The taxonomic 
differences will be discussed below in relation to the problem of chromo- 
some pairing, but it may be mentioned here that, if one considers the sum 
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total of vegetative and floral characteristics, P. alhiflora is farther from P. 
tenuifoUa than is any other species of the subgenus Paeon; yet their hybrid 
has much the most regular meiosis of any. We may conclude, therefore, 
that the meiotic abnormalities in the hybrid are not produced by the same 
causes which produce incompatibility between the species, nor are they the 
direct result of the evolutionar3" changes which have separated the species 
from each other. A fuller understanding of their significance depends, 
therefore, on an analysis of each of the more important abnormalities in 
turn. 

Inversions. — The significance of inversions in producing variability with- 
in the species has already been discussed. The frequency with which 
inversion heterozygotes occur in both animals and plants is amply exempli- 
fied by the numerous cases now on record (Darlington 1937, p. 274) even 
though the method of identification of this type of structural hybridity is 
a relatively new one; while the studies of Sturtevant and Dobzhansky 
(1936) on Drosophila pseudoobscura give direct evidence of the correlation 
of inversions with geographic distribution. Hence inversions must be con- 
sidered one of the important causes of variation within the species. That 
they are much less important in producing complete isolation and dis- 
continuity in morphological characteristics is certainly true in Paeonia 
although in Drosophila they seem to be important in this respect also 
(Dobzhansky and Tan 1936). 

Multivalent configurations. The most striking feature of all but two of 
these diploid hybrids is the frequent appearance of multivalents of the type 
resulting from the pairing of reduplicated segments or from small trans- 
locations. Although several points have already been advanced in favor 
of reduplications rather than translocations as the cause of these multiva- 
lents, one point may be considered further here, the correlation between 
the amount of asynapsis and the frequency of multivalents. This is par- 
ticularly striking in the triangle of hybrids involving P. alhifiora, ienuifolia, 
and anomala Veitchii. The hybrid P. tenuifoUa X Veikhii is the only one 
of this triangle in 'which the chiasma frequency is less than one and the 
average number of univalents per nucleus is more than two, and also the 
only one in which multivalents occur with any frequency. These multiva- 
lents are of three types: 

1. Trivalents or quadrivalents of which all the components have median 
constrictions; no inversions evident (fig. 9D). 

2. Trivalents involving two median and one submedian (D) chromo- 
some, the latter always paired inversely with one of the other two (fig. 
9A; 9B). 

3. Trivalents involving one subterminal (E) and two median chromo- 
somes; no inversions evident (fig. 9E), 
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If these multivalents are the result of translocations, then we might say 
that the genom of P. anomala Veitchii differs from that of P. tenuifolia 
by three translocations. 

On the same basis P. anomala Veitchii differs from P. albiflora by only 
one small translocation. Hence P. albiflora should differ from P. tenmjolia 
by at least two translocations. But four different plants of P. albiflora 
X tenuifolia j in spite of their high chiasma frequency, form no multivalents 
whatever, indicating that P. albiflora differs from P. tenuifolia by no trans- 
locations at all. Hence the assumption of interchange clearly does not 
explain the observed phenomena. On the other hand, if we assume that in 
P. anomala Veitchii a segment AB, occurs in both an A, B, or C and a D 
chromosome pair; that another, CD occurs in two different median pairs; 
and that a third, EF, occurs in the E as well as in A, B, or C chromosome 
pair, we may explain the phenomena as follows. In P. anomala Veitchii 
itself AB, CD, and EF pair only with, those homologous segments located 
in chromosomes which are otherwise completely homologous, and hence 
multivalents never occur. Nevertheless, every gamete of Veitchii possesses 
two segments each of AB, CD, and EF, which therefore have entered into 
the hybrid with P. tenuifolia. In the latter species, however, none of the 
chromosomes are completely homologous to those of Veitchii^ and there- 
fore the gamete of P. tenuifolia contributes to the hybrid corresponding 
segments that may be denoted A'B', C'D', andE'F', which have a 
weakened affinity for AB, CD, and EF, and which are probably not re- 
duplicated. Hence in this hybrid the two AB segments derived from 
Veitchii have a greater affinity for each other than either has for A'B' and 
they can be expected to pair occasionally, as can also the two CD and EF 
segments. However, since the majority of the chromosomes in which these 
segments are located still have a weak affinity for their homologues derived 
from the opposite parent, pairing between them will occur, and multiva- 
lents wiU therefore be produced. A similar explanation, reduction of com- 
petition, was used by Catchesede (1932) to explain bivalent formation in 
a haploid Oenothera. On this basis, multivalent formation due to reduplica- 
tion should be increased by a lowering of the chiasma frequency, and this 
is exactly the case in Paeonia. 

There are apparently differences between the species in the amount of 
reduplication. P. Ddavayi does not have a significantly lower chiasma 
frequency than the other diploid species, yet pairing of reduplicated seg- 
ments occurs in both the plant studied by Dark (1936) and those in the 
SAxmoERS garden. Since P. Delavayi has been in cultivation for only a 
short wMle-, and the plants are all derived from seeds obtained by a few 
expeditions to Western China, there is considerable possibility that these 
two plants are fairly closely related genetically. Therefore it is likely that 
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both have a similar set of reduplications, which are more numerous than 
those in the other species. In this connection may be noted the large 
number of different reduplications which can be detected in P. Delavayi 
var. luteaXP. sujmticosa, ‘‘Argosy.” In this h3’brid configurations have 
been drawn representing the following reduplications: 

1. The distal ends of the E and of an A, B, or C chromosome, not in- 
verted (fig. loA). 

2. The distal ends of the long arms of an E and of a D chromosome, 
inverted (fig. loE). 

3. The proximal portion of the long arm of an E and the distal of a D, 
inverted (figs. loF, loH, and probably loG). 

4. The distal ends of the long arms of the D and of an A, B, or C pair of 
chromosomes, not inverted (fig. loC, and fig. iiA, rightmost chiasma). 
That this is actually a reduplication and not a case of segmental inter- 
change is made evident bj' the occasional association of the two D chromo- 
somes b\' terminal or nearly terminal chiasmata. 

5. The short arm of a D and a proximal segment of an A, B, or C 
chromosome, not inverted (fig. loB). 

6. The distal, or nearty distal segment of the long arm of a D and an 
interstitial segment of an A, B, or C chromosome, inverted (fig. iiA, at 
left, and one unpublished figure). 

7. Interstitial segments of two median chromosomes, inverted (figs. 
loD and iiB). 

There are probabfy other reduplications whose presence has not been 
detected. That the multivalent formation involving so many different seg- 
ments is not due to more or less random non-homologous pairing is made 
clear by the frequent recurrence of the same t3q)e of configuration, in spite 
of the large number of different ones found. 

Multivalent configurations similar to those found in these diploid species 
and hybrids of Paeonia have been found in diploids of Tradescantia 
bracieata, (Daklington 1929) and Matthiola incana (Philp and Htjskins 
1931), while in trisomic forms of Datura (Belling and Blaeeslee 1924) 
and in Drosophila (Bridges 1935) there is evidence for the presence of 
reduplicated segments within the same chromosome. 

They are therefore probably of occasional occurrence throughout the 
plant and animal kingdoms, but in most organisms can be detected only 
under very unusual conditions. Two explanations can be given for the 
unusually abundant evidence for their existence in these hybrids of 
Paeonia. 

I. Reduplications are actually more frequent in Paeonia than in most 
plants. This amid explain in part the remarkable length of the chromo- 
somes in this genus. 
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2. Due to the great length of the chromosomes and the relatively small 
size of the nucleus when zygotene pairing begins, the chromosomes are all 
closely crowded together, and hence, with reduced competition, homologous 
segments of non-homologous chromosomes have an unusually good chance 
of coming together. There is of course no way of deciding which of these 
is the true cause of the frequency of multivalents, and both may be partly 
responsible for it. Since Bridges (1936) has shown that a ‘^mutation” 
in Drosophila is the result of reduplication, this may be an important factor 
in the evolution of new forms in Paeonia. 

An interesting fact is that the species and hybrids with a great amount 
of structural hybridity do not have a lower proportion of terminalized 
chiasmata at metaphase than those in which there is less hybridity. This 
supports the opinion of Dark (1936), that chiasma movement in Paeonia 
is very slight. With an equal amount of movement of chiasmata, one 
should expect a larger proportion to be terminal in hybrids with a geneti- 
cally induced reduction in pairing. Since as McClintock (1933) has shown 
pairing begins at the ends of the chromosomes both where the homology 
is strong and where it is weak, a failure of the chromosomes to complete 
synapsis would reduce chiasma frequency in their middle parts more than 
at the ends. This would result in the formation of a relatively high propor- 
tion of chiasmata distal to the non-homologous segments, and thus could 
compensate for the reduction in terminalization due to change of ho- 
mology. Although there are no good observations of prophase stages to 
support this hypothesis, partial examination of three nuclei of P. tenuifolia 
Xtriternata at early to mid-diplotene showed the presence of terminal 
chiasmata already at this stage, even though the total number of chias- 
mata was very small. 

Chromosome pairing and interspecific relationships 

Two common criteria for determining the distinctness of species from 
each other are the amount of sterility in the hybrids between them, and 
the extent to which their chromosomes fail to pair. In Paeonia, these two 
criteria are useful to only a limited extent, that is, to distinguish between 
the varietal or subspecific and the specific status of a form. There is a 
sharp distinction between the complete fertility of such hybrids as P, 
DelavayiXDelavayi var. lutea and P. anomala V eitchiiXW oodwardii and 
the almost complete sterility (at least so far as seed setting is concerned) 
of all of the true interspecific hybrids. This is undoubtedly a valuable asset 
in the delimitation of species. 

Beyond establishing the distinctness of the species from each other, 
however, the amount of pollen sterility and of asynapsis have little or no 
cx>rreIation with the degree of morphological difference between them. The 



CYTOGENETIC STUDIES IX PAEOXIA 107 

albiflora-teniiifolia-anomala Veitchii triangle illustrates this point. By far 
the greatest amount of asynapsis occurs in P. tennifoliaXanomala Veiichn; 
hence on genetic grounds these two species should be considered the most 
remote from each other, with P. albiflora occupying a position between 
them. On morphological grounds, however, the three species are more or 
less equidistant, but P. anomala is somewhat intermediate and nearer to 
P. albiflora, while P. tenuifolia is particularly remote from the latter species 
with which it forms a hybrid with almost perfect pairing. The diiference 
between these species are discussed elsewhere (Sauxders and Stebbixs 
1938; Stebbixs 1938). There is a somewhat closer correlation in the case 
of P. triternata Mlokosewitschii, which is quite remote taxonomically from 
both P. anomala and P. tenuifolia, and forms with both of them hybrids 
having a very’ irregular meiosis. 

Nevertheless, the pairing affinity of the chromosomes is of little or no 
value for determining phylogenetic relationships between the species of 
Paeonia. Equally useless in this respect are both the morpholog}" of the 
somatic chromosomes and the degree of structural differentiation between 
them as determined by the “structural hybridity'’ of their hybrids. Al- 
though there is some correlation between structural hybridity and failure 
of pairing, the former is probably of minor importance as a cause of the 
latter since in many species and hybrids one or the other is present by 
itself. 

For example, the heterozygosity for many small inversions of P. Dela- 
vayi, anomala, and triternata does not reduce the metaphase chiasma 
frequency of these species at all; in P. albifloraXanomala Veitchii a smaller 
amount of structural hybridity is associated with a great reduction in 
chiasma frequency; while P. albifloraXtenuifolia, in 'which there is a con- 
siderable reduction in chiasma frequency, a marked reduction in pollen 
fertility, and practically no seed setting, shows the presence of only one 
inversion. 

Asynapsis, therefore, is probably due to genic differences, but these 
differences are more or less independent of the ones responsible for the 
observable morphological differences bet'ween the species, and have been 
important chiefly in producing genetic isolation, with the consequent in- 
dependent mutation of different ancestral stocks separated by such genic 
factors for sterility and for failure of chromosome pairing. Further evi- 
dence for this interpretation of the significance of asynapsis in the hybrids 
is that those hybrids with the least irregular meiosis are between species 
very well isolated from each other in other respects, and vice versa. For 
instance, P, tenuifolia and P. albiflora have in nature always been sepa- 
rated from each other geographically by thousands of miles; their periods 
of blooming are a month apart; and they are very difficult species to cross 
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artificially (Saunders and Stebbins 1938) ; on the other hand P. ienuifolia 
and P. triternata occur in the same region, bloom at the same time, and are 
relatively easy to cross; but are isolated by the extremely abnormal 
meiosis and the complete sterility of the hybrid between them. In Aqui- 
legia (Anderson 1931) specific isolation is produced by geographic barriers 
alone; in Tradescantia (Anderson and Sax, 1936) it is produced in part 
by sterility factors independent of chromosome pairing, while in Paeonia 
it may be produced either by geographic barriers, by different periods of 
flowering, by incompatibility in mating, by cytogenetic incompatibility 
which results in asynapsis and pollen sterility, or to a less extent by gross 
structural differences in the chromosomes. In Paeonia, therefore, as in 
Aquilegia, and probably most other genera, the evolution of the diploid 
species has been brought about primarily by the accumulation of a large 
number of small genetic changes, which for lack of a better understanding 
of them may be termed gene mutations. These are responsible for changes 
in external morphology and in the physiological makeup of the species. In 
addition, genetic changes affecting chromosome behavior at meiosis as 
well as the development of the gametophyte have occurred, but these have 
been independent, at least in the frequency of their occurrence, of the 
mutations responsible for morphological changes. In many cases, however, 
they have produced the isolation necessary for the evolution of two or 
more different species in the same region. The third type of change — gross 
alteration of the chromosome structure by means of inversions, reduplica- 
tions, and translocations — has occurred very frequently, inversions having 
been much the most frequent. Alterations of this type have been re- 
sponsible chiefly for the “group-discontinuity’^ which has formed the 
various forms or varieties of P. Delavayi, P. anomala, and P. triternata 
but, unaccompanied by other agents, have not been effective in the actual 
differentiation of species. 

The writer wishes to express his thanks to Dr. A. P. Saunders for 
supplying the material for this study, and for much technical assistance. 

SUMMARY 

1. The somatic chromosome number of the species of Paeonia is either 
2n = 10 or 2n = 20, and the chromosomes are similar in size and morphology 
in all of the species. 

2. Certain abnormalities of meiosis, chiefly the occurrence of fragments 
and diromatin bridges as a result of crossing over in inverted segments, 
are found in all of the species, but are most abundant in P. triternata^ 
ammala^ and Ddamyi, and less so in P. albiflora, Emod% and suffruticosa, 

3. The metaphase chiasma frequency ranges from 1.58-1.93 in the 
various species, and the terminalization coefficient from o.4i‘-o,S2. There 
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is no correlation between the relative chiasma frequencies at metaphase 
and the percentage of asjTiapsis. 

4. In one form of P. anomala multivalents resulting from segmental 
interchange involving a large segment of a chromosome were found. 

5. Of the diploid hybrids, P. alblJloraXtenuifoUa and P. albifiora 
Xanomala Veiichii show few abnormalities of meiosis except a lower 
chiasma frequency and a higher percentage of univalents, but in the others 
a relatively high frequency of bridge-fragment configurations and of multi- 
valent configurations containing triple or quadruple chiasmata occurs. 
This indicates that these hybrids are heterozygous for a large number of 
small inversions and for duplications of segments. These are analyzed in 
one hybrid, P. Delavayi var. luiea Xsuffriiticosa, and several different types 
of configurations resulting from the presence of inversions and duplications 
in the same chromosome group are described. 

6. The three species which are heterozygous for a relatively large num- 
ber of inversions are morphologically relatively pol>Tnorphic, while the 
others, except for the existence of horticultural varieties, are less variable 
morphologically. This is in agreement with the postulate of Darlington 
on the effect of small inversions on morphological variability. 

7. The apparently higher chiasma frequency* of Paeonia species and 
hybrids grown in central New York as compared with the same forms 
grown in England is ascribed to climatic differences between the two 
regions. 

8. The relatively large number of duplications found in Paeonia species 
is made particularly evident in hybrids with a low chiasma frequency, due 
to reduction in competition. Evidence against the interpretation of the 
multivalents found as resulting from interchange of many small segments 
is presented. 

9. The degree of pairing and the amount of sterility in the various 
Paeonia hybrids is little or not at all correlated with the degree of morpho- 
logical similarity between the parent species. Asynapsis and sterility have 
been important factors in producing isolation between the species, but 
have taken place more or less independently of the mutations responsible 
for the morphological differences between them. 
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INTRODUCTIOX 

T he recessive mutation “venation” was found by C. B. Bridges 
and shown by genetic tests to be associated with a dominant sup- 
pressor of crossing over, both lying in the right limb of chromosome III. 
Salivarj- analysis by P. X. Bridges in the summer of 1936 showed that 
this suppressor is a simple inversion, with break points in 89C and 96A. 
Shortly after this, C. B. Bridges and J.-C. Li studied inversion 3R- 
PajTie and found similar break points. This paper reports the accurate 
determination of the salivary characteristics of the Pajuie-R inversion. 
Of all the inversions known for Drosophila melanogaster, Payne-R is the 
one most frequently encountered in wild stocks collected at widely sep- 
arated localities (STrRTEV.A.NT 1931) and is now the one most widely dis- 
seminated through the stocks of mutations, where it is a very useful 
balancer of third chromosome mutants or constitutes a troublesome im- 
purity in at least ten percent of the stocks of first, second and fourth 
chromosome mutants. The Pajme inversions have been very extensively 
studied genetically, and now, with this accurate determination of the 
salivary limits of Payne-R, should increase in significance and usefulness. 

THE MUTATION “vENATION” AND ITS ASSOCIATED 
REDUCER OF CROSSING OVER 

In the balanced stock of /m/C 1 B some of the fused and heterozygous 
Bar flies showed (July 18, 1933) a spontaneous mutant character. This 
was called “venation” since the most easily seen characteristics were an 
irregular thickening and a slight diffuse branching of the veins, especially 
of L3 and of the crossveins which were closer together. There were several 
other ill-defined characteristics: bulging, scarlet-toned eyes; gnarled 
bristles; small size, and, as breeding tests soon showed, frequent sterility 
and a viability only about half that of normal (Bridges 1937). 

Fj cultures from the cross of venation to Plum Stubble gave a random 
distribution of venation with Plum (chromosome II) and gave 431 to 
104 ven flies, showing that venation is a low-viability recessive in the right 
limb of HI. Testcross cultures of venation against Dichaet^ Hairless 
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gave: H 3^3, ven - 201, ven^T,H=ig, agreeing with the hypoth- 

esis of a low- viability recessive in IIIR, but showing that it is associated 
with a dominant inhibitor of nearly all the crossingover in that limb. A 
stock of venation balanced over Delta® was established (Stock 738, Dro- 
sophila Information Service 7:33). 

LETHAL WITH VENATION 

Some of the F2 cultures of the cross of ven X Pm Sb gave the following 
totals: 56 = 347, ven = s, indicating that the parental venation fly had been 
heterozygous for a recessive lethal (reported, Bridges 1937, as Z(3)36d24; 
kept in balanced stock 739, Drosophila Information Service 7 * 33 )* That 
the lethal is separable from venation and occupies a locus near the spindle 
attachment of III was shown by crosses of S/l ven 9 X 1 venlSbd^, 
which gave (after discarding all 56 offspring): 557 D® S', 27 5 ", 3 ven, 
and 3 ven. This position was confirmed by the cross I venfE 9 X 1 
venfSb cf*, which gave the following non -56 offspring: 195 H and 27 H. 

SALIV ARIES OF VENATION 

Permanent aceto-cannine preparations from female larvae of the type 
ven ! IP' H showed a medium-sized inversion loop in 3R (fig. la). The in- 
version includes nearly a third of IIIR, with the first break-point in 89C, 
just short of the middle of IIIR, and the second break in 96A, about 
one-fifth down from tip of IIIR. Highly characteristic of this inversion is 
the inclusion of the easily-recognized ^^duck^s head^' region, with the 
‘Veak spot” (at the tip of the ^^bill”) very close to the right of the break. 

Preliminary to a precise determination of the break points it was ad- 
visable to restudy and remap the normal banding in the neighborhood of 
the breaks. In figures ib and ic are given revisions of sections 89 and 90 
and of 96, drawn from exceptionally clear well-stretched large chromo- 
somes. 

Study was centered on those heterozygous inversion figures in which a 
flat ^^open-square” configuration is formed at the junction point of the 
loop with the rest of the chromosome (figs, id and le). In such cases a 
direct comparison can be made between the two normal regions and the 
two inversion sequences. Furthermore, the synapsis of homologous bands 
helps to check the point at which change of partners occurs. It was found 
that the first break-point follows directly after the heavy doublet which 
begins 89C and precedes the three weak doublets of that subsection. The 
second break is about three-quarters of the distance along 96A, between 
two fairly strong doublets. 

In a heterozygous inversion the crowding and bending of the strands at 
the junction point tend to obscure the banding, and also it is rare that the 
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loop itself is stretched enough to show the banding clearly. In a homozy- 
gous inversion there is no loop and the regions at the break-points can 
be examined in fully stretched undistorted condition. In preparations of 
homozygous venation with its inversion the easiest point of recognition 
of the inversion is the displacement of the “weak point” and “duck’s 
head” from their normal central position in IIIR to a point four-fifths 
toward the free end. 

Study of the region of the left break-point in the homozygous inver- 
sion (figs, if and ig) showed the bands of 89 running through the strong 
doublet of 89C. But this doublet is now closely followed by a fairly strong 
doublet instead of by the normal sequence of three faint doublets. Then 
follows the characteristic banding of 96 A and 95, in reversed sequence. 
The reversed sequence continues through 90 and through the faint dou- 
blets of 89C where, at the second break-point (figs.ih and li), it abruptly 
encounters the fairly strong second doublet of 96A. The bands then pro- 
ceed in normal sequence through the rest of 96 and on to the tip of IIIR. 

A comparison of the break-points of the IIIR-inversion of the venation 
stock with the break-points of the highly important In(IIIR) Payne, 
which had been worked out somewhat later by C. B. Bridges and J.-C. 
Li, showed the two inversions to be identical. However, the In(IIIR)P''®’‘ 
is free from a lethal which is inseparable from In (IIIR) P in the balancers 
“Payne” and “Payne, DJd ca.” 


SUMMARY 

The recessive mutant “venation” {ven) has its locus in chromosome IIIR 
and is associated with a simple inversion. Salivary analysis of this inver- 
sion in heterozygous and homozygous form shows that it is the Payne-R 
inversion. Careful study places the left break-point of this important in- 
version directly after the heavy doublet which begins 89C, and the right 
break-point between the two fairly strong doublets at about three- 
quarters of the distance along 96A. 
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INTRODUCTION 

T he wax moth, Galleria mellonella, is found wherever bees are found. 

Some phases of its general biology have been worked out by Metal- 
NiKov (1908), Paddock (1918), Borchert (1933) and Vohringer (1934), 
but it has not been used previously for studies in genetics. Its viability 
even under adverse conditions, its highly prolific nature, and its general 
adaptability to the laboratory account for its being chosen for this in- 
vestigation. 

More than thirty mutants have already been obtained following X-ray 
treatments; many mosaics for mutant traits have been found and several 
gynandromorphs; and definite evidence for facultative parthenogenesis in 
about ten percent of isolated virgin females has been obtained. These 
results indicate the usefulness of this new material for several unsolved 
problems in genetics. 


HISTORY AND TAXONOMY 

The wax moth has been known since very early times. Aristotle gave 
a fair description of it in his Historia Animalium, Book VIII, Chapter 27 
(Smith and Ross 1910). Occasional reference is made to it throughout the 
Christian era. According to Paddock (1918) it was probably introduced 
into the United States from Europe about the middle of the nineteenth 
century. It is universally known to the apiarist as a pest. 

This moth is the only species in its genus. It is also physiologically 
isolated, since in its food taking (larval) stage it eats only old bee combs. 
The taxonomic designation used here is that indicated by Packard (1898), 
Comstock (1924), and Imms (1924). 

LIRE HISTORY 

Galleria will breed and produce offspring the year round over a very 
wide range of environmental temperatures. The optimum temperature is 
around 30 to 35 degrees centigrade. At this temperature a generation cycle 
is completed in about eight weeks, thus one is able to obtain six or seven 
generations a year. The duration of the life cycle is roughly inversely pro- 
portional to the environmental temperature. The eggs, which range in 

^ Contribution from the Department of Zoology, Columbia University, New York. 
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number from 200 to 1,000 per female, require about ten days to hatch. The 
larval stage, which has eight instars, is about four weeks in duration; the 
pupal stage about twelve days. 

CULTtTRE METHODS 

The moths are cultured in half-pint milk bottles kept in an aerated 
temperature-controlled incubator. An open vessel of water prevents exces- 
sive drying of the air. Instead of the cotton plug for a stopper the regular 
waxed cardboard milk bottle caps are used. These fit snugly and prevent 
the small larvae from escaping. The moths used for mating are placed by 
pairs in clean bottles with about two cubic inches of old brood bee combs. 
Since the moths mate very soon after eclosing, it was found best to isolate 
the females while still in the pupa case to insure their virginity. The larvae 
are ravenous eaters throughout their larval life. As food is consumed, ad- 
ditional pieces of combs are added. When the larvae reach about a centi- 
meter in length they are subcultured. The larvae of a given pair mating, 
numbering 200 or more, are distributed into several bottles of about fifty 
larvae each. From this stage to eclosion, each bottle is stoppered with a 
special ventilator cap. These consist of two regular caps through the center 
of which is punched a one-inch hole. A circular piece of 40 mesh copper 
wire screening, with the diameter of the regular caps, is placed between 
the punched caps, which are then stitched together with a stapler. This 
metal screen permits access of fresh air into the bottle and also prevents 
the larvae from nibbling their way out. A more detailed account of the 
culturing methods and a peculiar ability of larval colonies to raise their 
own common temperature many degrees above that of their environment 
will be described in another paper. 

In handling the eclosing imagoes anesthetization is unnecessary. After 
eclosing, the individuals sit motionless as long as it is daylight. Thus it is 
easy to scoop them out one by one by means of the special “moth dipper.” 
The “dipper” is made of a short shell vial, f Xf inches, glued to the end of 
a thin strip of wood about the dimensions of a tongue depressor. If the 
dipper is gently placed over the moth and moved slowly so that the moth’s 
head strikes the edge of the inside of the dipper, the animal will generally 
shift its feet, re-anchor them on the side of the dipper and then remain as 
quiet as before. Sometimes this gentle disturbance will cause them to make 
one or two circles and then come to rest either on the side walls or the bot- 
tom of the dipper. One may then withdraw the dipper from the bottle and 
carry it with the moth to any part of the room or observe it in any position 
xmder the binocular or hand lens without disturbing it. For individual 
handling and observation it has been found convenient to transfer each 
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moth to an inverted cardboard milk bottle cap. The moths so left will 
generally remain there, unless disturbed, until night fall, at which time 
they may fly away if not covered with a vial or placed in a culture bottle. 

PRODUCTION OF MUTATIONS 

Since it has been demonstrated that X-rays provide an effective means 
of inducing mutations (Muller 1928, Stabler 1928, Timofeef-Res- 
sovsKY 1929 and others), it was decided to try this type of treatment on 
Galleria. The moths, the original stock of which had been obtained from 
Professor I. R. Taylor of Brown University, were inbred (brother-sister 
matings) for two or three generations in order to detect any recessives that 
might be contained in the wild stocks. No abnormal individuals appeared. 

Two different X-ray machines were used, one at the Crocker Cancer 
Research Laboratory, Columbia University, the other at the Carnegie 
Institution, Department of Genetics, at Cold Spring Harbor, New York. 

Since the X-ray treatments were used merely as a means to obtain 
mutants, no detailed statement of the irradiation methods will be given. 
In various experiments, the strength of dosage ranged from 250 to 5,000 
r units. Table i gives the dosage which had been used in each case of muta- 
tion. This ranged from 1,200 to 4,500 r units. It should be understood that, 
while all the mutants found were in individuals which had at least one 
treated ancestor, it is not certain that all the mutations were brought about 
by irradiation. Offspring of treated individuals were closely inbred and 
were frequently given additional treatments. After the initial stages of the 
work, most of the moths observed came from treated ancestry. The treat- 
ment of larvae, which was first tried, was later given up. At the suggestion 
of Dr. H. J. Muller imagoes were treated with more satisfactory results. 

From one series of treated larvae, two mutant characters appeared in the 
F2 generation and bred as recessives. These were red scales (r) and a dark 
colored spot on top of the thorax (ms). 

Abnormal wing carriage (g) 

Culture Mi3/2b, the male grandparent of which had received 1,800 r 
units, produced 19 moths — 9 males and 10 females. One male and two 
females had an abnormality in wing carriage. The mesothoracic or anterior 
pair of wings, which normally point straight backward during rest, were 
spread at an angle of about 30 degrees to the median plane of the body and 
were inclined downward, while the metathoracic or posterior wings, which 
normally are just under the anterior wings, were raised almost vertically 
medial to the anterior wings. This character is thus very easily detected. 
The male was mated to a normal sister and the females to normal brothers. 
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The progeny were all normal. Three brother-sister matings of these Fi 
progeny produced a total of 131 moths among which were 8 males and 20 
females which showed the wing abnormality . 

A male with the abnormal wings mated to a heterozygous sister pro- 
duced 8s moths of which 14 were gg males and 23 gg females. A male and 
a female, both of which had the abnormal wing character, mated with each 
other produced 46 moths all of which had the wing abnormality. It was 
concluded that this characteristic was a recessive mutant. Reciprocal 
matings were made with homozygous wild stocks and no indication was 
found of sex linkage. 

Light ( 1 ) 

Culture Mrs/zh, a mass culture, the male grandparent of which had 
received 1,800 r, produced one male, out of a total of 30 offspring, which 
had a very light color all over the body. This male mated to two females 
from Mi3/2h produced all normal progeny. Three brother-sister matings 
of these produced 23 males and 17 females with light bodies out of a total 
of 197 progeny. 

Rolled (rl) 

Culture Mi3/2g, a sister culture to the above, produced 30 males and 
27 females. One male had peculiar-shaped scales, especially on his wings. 
His body color was the “light” mentioned above. The scales instead of 
being normally flat were rolled upward around their long axis. This ab- 
normality was termed “rolled” and given the symbol “rl.” This male was 
mated to his sister and all the Fi offspring were normal. The F^ contained 
37 rolled (18 males and 19 females) among a total of 181 progeny. 

Rolled appeared simultaneously in a male of another culture, M10/2C, 
whose male grandparent had been treated with an X-ray dosage of 2,000 
r units. From the offspring of this moth with his sister a brother-sister 
mating produced 42 moths of which 6 males and 4 females had rolled 
scales. It was assumed that the parents of this culture were each hetero- 
zygous for rolled. From this culture two reciprocal backcrosses among the 
phenotypically normal brothers and sisters produced 19 rolled males and 
19 rolled females out of a total of 92 progeny. From these and other sub- 
sequent data the rolled scale character was regarded as an autosomal 
recessive. 

Light tegulate (It) 

In Culture Oig/3Mi occurred three abnormal females which were Fj 
offspring from a female which has been treated with a dosage of 2,200 r 
units. These females had abnormally light-colored tegules. They were 
mated to their normal brothers. One of the cultures was sterile. The other 
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two produced a total of 131 progeny among which were 19 males and 27 
females with light tegules. 

Mesoscutellar spot (ms) 

One character which has appeared in several of the stocks may have been 
present in the stocks or may have come from some of the first larvae that 
were treated. It is a patch of very dark colored scales covering the meso- 
scutellum. A male and a female with this character, descendants of the 
above treated larvae, were mated to a normal female and male respectively. 
These cultures produced 48 males and 33 females, all normal. One brother- 
sister mating was made from each of these cultures and produced 133 
moths of which 14 males and 19 females had the mesoscutellar spot. 

Pink mesoscutum (me) 

Among the Fj offspring of culture F03d/ia, the female of which had 
been treated with 1,500 r units, occurred one female which had very light 
pink scales on the mesoscutum. This character is very obvious since the 
rest of the scales are dark bronze. This female mated to her brother pro- 
duced 46 males and 27 females which were normal and 30 males and 32 
females which had the pink mesoscutum. From this culture an “me” male 
crossed with his “me” sister produced 17 males and 19 females, all “me.” 

Red body (r) 

A female from FOig/ia, whose mother was treated with 2,250 r units, 
produced four offspring, one male and three females. One female was a 
deep, rich red all over including the abdomen. She was mated to a normal 
male, which was also an offspring from the above treated larvae, and pro- 
duced all normal progeny. The F2 consisted of 32 normals and ii reds 
(5 males and 6 females). 

Non-red body {nr) 

In an Fa generation of 49 non-red scales {nr) from Culture M3i/ib the 
male of which had received 1,200 r units there occurred four males and two 
females all of which lacked any trace of the bronze or scattered reddish 
scales which are typical of the wild type. These, when isolated and mated, 
produced 92 males and 47 females; all progeny were non-red. From sub- 
sequent stocks a red male mated to a non-red female produced normal wild 
males and females. A brother-sister mating of these offspring (heterozygous 
for both traits) produced only three types; normals, 10 males and ii 
females; reds, 2 males and 3 females; non-reds, 7 males and 2 females; or 
21 normals, 9 non-red, and 5 red. While this may be a 9:3:4 t3q)e of 
dihybrid F2, further analysis is needed. 
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Eosin eye (e) 

In Culture Mi3/3bs, the male great grandparent of which had received 
1, 800 r units, a male appeared which had eosin colored eyes. He was mated 
to three different normal females and produced 179 males and 160 females 
aU wild type. In the F2 there were 261 normals (127 males and 134 females) 
and 89 eosin (52 males and 37 females). This character was classed as an 
autosomal recessive. 

Vermilion eye (») 

A vermilion-eyed male appeared in culture 13 /5b 543. It had come from 
two lines, the males of which two generations back had received 2,200 r 
units and 2,250 r units respectively. This male mated to wild type females 
gave Fi’s with wild eye color. Six Fj cultures produced a total of 938 moths 
among which were 89 males and 89 females with vermilion eyes. This result 
indicates that vermilion is inherited as an autosomal recessive. 

Maroon eye (m) 

A dark reddish color of the eye, which was called “maroon” first ap- 
peared in a female in culture M10/6C2511. Her paternal ancestor two 
generations back had been treated with 2,000 r units. This female was 
crossed with a normal brother and the Fi was normal. The F2 consisted of 
216 normals and 85 maroons. This ratio suggests that maroon is inherited 
as an autosomal recessive. 


Shovel (s) 

In culture Mi3/4b4o a male was found in which the wing scales were 
shovel-shaped and had only one central spine at the distal border. The 
normal scale is slightly oblong with five ^stal spines, a slightly longer 
median one with two progressively shorter ones on each side of it. The Fi’s 
from this male were normal. One pair of these were mated, but the culture 
was sterile. This same character appeared also in culture TM23/21, which 
was an F2 mating from a male which had received 4,500 r units. In another 
F2 culture (TM23/ 28) from the same male there were 4 males and 2 females 
(shovel) among a total of 49 offspring. Of the offspring of the male from 
TM23/21 three brother-sister matings were made. Two of these cultures 
produced 175 moths of which 42 had shovel scales. 

^ From culture TM23/ 28 the four males were mated to their normal 
sisters. Three of these crosses produced only normals; the fourth produced 
37 shovels out of a total of 81 imagoes. The two shovel females, which 
edosed after the four males were mated, were mated to their normal 
brothers. These two cultures produced 63 shovel-scaled individuals out of 
a total of 136 offspring. The treated males in this case came from culture 
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Mi3/4b4o, which was a culture from previously treated moths, so that the 
shovel character may have arisen from the earlier treatment. 

ABNORMALITIES FROM TM SERIES 

It was determined by a series of test treatments ranging from 3,000 to 

5.000 r units that a sub-sterilizing dose for males was around 4,500 r units. 
Dosages of 3,500 to 4,500 r units were given to 33 males. This group is 
called the TM series, each of which was mated to a virgin female. Of these, 
three cultures were sterile. The remaining 30 cultures produced from 3 to 
77 offspring each. Among the total of 1,319 Fi progeny from these crosses, 
there were three abnormal males and eleven abnormal females. 

Black body {hi) 

Of the three abnormal males, one had a black or ebony-colored body. 
When mated to a sister he produced 29 normal moths and 2 black females. 
These two females were mated to their normal brothers and produced only 
normal progeny. Two brother-sister matings of these progeny produce 
eight black-bodied moths among a total of 76 progeny. 

In the other two males with abnormalities, the characters did not re- 
appear in later generations. 

Needle-scales {nd) 

Of the eleven abnormal females, two proved to be recessive mutants, 
namely needle-like scales, and chianti-colored eyes. The needle scales, 
which are long and narrow with one to three short terminal spines, were 
found in a female of culture TM-34, the male parent of which had received 

4.000 r units. She was mated to a normal brother and produced normal 
offspring. Two cultures of these offspring produced 27 needle-scaled moths 
among a total of 168 offspring. 

Chianti eye {cK) 

The chianti-colored eye occurred in a female in culture TM28, the male 
parent of which had received 4,000 r units. Mated to a normal brother, 
she produced two chianti females in a small culture of 23 offspring. These 
two females mated to normal brothers produced normal offspring. Three 
brother-sister matings of these offspring produced 41 chianti-eyed moths 
among a total of 270 offspring. 

EYE COLOR MUTANTS 

In the F2 and F3 generations of the above series of treated males, there 
have arisen several abnormalities among which are a series of eye colors 
ranging from a normal black eye tinged with red through several distinct 
steps of increasing degrees of lighter red to pure white. In addition to this 
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series there have occurred a colorless eye, which has the appearance of 
clear glass or cellophane; a bright yellow eye; a gold eye, which gives the 
appearance of highly polished new gold; and one which has the appearance 
of corroded old gold. 

In order to designate the various eye colors a standard color dictionary 
(Maerz and Paul, 1930), was used. The color name in each case is that 
used by the dictionary and the reference for color-chart identification is 
given in parentheses after each color name and symbol. The eye colors 
found in this series include the following: canyon, ca, (7E6); chianti, ch, 
(6L6); salvia, sa, (3L6); rose of sharon, rs, (3K8); jasper pink, 70, (2I8); 
roseleaf, rf, (2G8); reveree, re, (2B8); white, w, (3A1); yellow, y, (10I4); 
sorolla brown, sh, (6A12); Spanish cedar, sc, (6J10); glassy, gl; old gold, 
go; and new gold, gn. 

White eye {w) 

The white eye occurred in three different cultures: the first in the F2 
from culture TM17, the second in the F3 from culture TM23, and the 
third in the Fs from culture TM9. In each case the male parent had re- 
ceived a dosage of 4,000 r units. The three cultures in which white eyes 
occurred produced a total of 196 offspring among which were 21 white 
(ii males and 10 females). The successive male progenitors of the above 
cultures had been treated with the heavier dosages of X-rays. The data 
indicated that at least two of the three whites had arisen independently. 

Canyon eye {cd) 

The canyon-colored eye appeared in a female of culture TM28/22, the 
male grandparent of which received 4,000 r units. The culture was an F2 
and produced 9 males and 8 females, one of which was canyon. The treated 
grandparent in this case was a direct descendant of culture Mi3/2b, in 
which had appeared, six generations earlier, the maroon-eyed male men- 
tioned previously. At that time no color standard was at hand. It is 
thought that “maroon” and “canyon” might be the same. I'hcre was no 
chance to breed the two together since the maroon stock had been lost. 
This eye color gene may have been carried in the strain from the previous 
irradiation. The canyon-eyed female mated to her brother produced nor- 
mal offspring. Two F2 cultures produced 43 canyon-eyed moths among 
a total of 226 progeny. 

Salvia eye (5a) 

The “salvia” eye appeared in three males of culture TM28/31 among a 
total of 45 imagines. These three males were mated to normal virgin sisters. 
Two of these matings produced all normal offspring. The third produced 
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19 salvia-eyed moths in a total of 40 offspring. The third sister was appar- 
ently heterozygous. This abnormality came from the stock which six 
generations back had the same ancestor as the stock producing the ver- 
milion eye mentioned above in culture Mi3/5bs43. The vermilion of 
^13/5^543 appeared to be the same as the salvia in this TM28/31. A 
cross of two males and a female of the vermilion stock with the salvia 
stock produced all salvia. The vermilion and salvia were thus regarded as 
identical or as alleles. It is not known whether the abnormality of culture 
TM28/31 arose from the treatment given the male of TM28 or had lin- 
gered in the stocks from the previous treatment. 

Rose-of-sharon eye (rs) 

The “rose-of-sharon” eye color appeared in culture TMp/ri, the male 
grandparent of which had received 4,000 r units. It is a degree lighter than 
salvia and arose in a sister stock to TM9/121 which contained the third 
observed white eye. It, therefore, has the same treated ancestor on the 
father’s side, and on the mother’s side the treated male of TM26 in which 
the X-ray dosage was also 4,000 r units. It is not known in which ancestral 
male the mutation occurred. There were two males with this eye color in 
a total of 24 imagoes. These two males were mated to their sisters. One 
of these cultures produced 70 normals. The other produced 41 with rose- 
of-sharon eyes and 62 with normal eyes. Inbred strains of this eye color 
produced only rose-of-sharon eyes. 

Jasper pink eye (ja) 

A “jasper pink” eye color appeared in two males out of 21 imagoes in 
culture TM34/31 which was the F3 from a male of the TM series which 
had been treated with 4,000 r units. The first male to eclose was mated to 
a virgin female from TM34/34. Their progeny were all normal. The second 
male was mated to his virgin sister and produced 17 jasper pink-eyed indi- 
viduals, 10 male and 7 female, out of a total of 42 offspring. When inbred 
this character bred true. Reciprocal crosses with wild produced only wild 
in Fi. Two F2 cultures produced 86 normal and 17 jasper pinks. 

Roseleaf eye (rf) 

In culture TM7/11, an Fs from a male of the TM series which had 
received 4,500 r units, there was found a male with soft pink eyes. This 
color was “roseleaf” (2G8) of the color standard. The male ancestor five 
generations back on the mother’s side had been treated with 2,000 r units. 
This male mated to his virgin sister produced 36 normals. Two brother- 
sister matings of these produced 49 roseleaf among a total of 189 progeny. 
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Culture TM30/11, the male of which two generations previously had 
been treated with 4,000 r units, produced five males with whitish eyes, 
having a pinkish tinge of about the same intensity as the yellowish tinge 
characteristic of ivory. This, according to the color standard, is “reveree” 
(2B8). Each of these five males was mated to a normal virgin sister. In 
three of the cultures all the offspring were normal. The other two cultures 
produced 35 moths with reveree eyes among a total of 181 offspring. 

Glassy eye (gl) 

From culture TM7/42 (the original treated male ancestor of which is 
the same male that gave rise to the roseleaf eye) there appeared one male, 
out of a total of six individuals, which had a colorless eye that looked 
watery or glassy. As stated above, this culture on the mother’s side had a 
male ancestor five generations back which had been treated with 2,000 
r units. No other strain is concerned in this case since brother-sister mat- 
ings were used in both subsequent generations from the treated male of 
culture TM7. This abnormality seems to be a condition where the cells 
in the ommatidia are entirely without pigment. After these moths are 
left in the light for a time the glassy appearance of the eye changes to the 
refractive appearance of sand-scratched glass. The interpretation of this 
is that the ommatidial cells, which apparently are normal except for the 
pigment, recede in the normal way down the ommatidia when exposed to 
light, leaving the lens-like facets to refract the light. This glassy-eyed male 
was mated to two normal sisters. One of these cultures produced 12 males 
and 9 females with glassy eye and 15 males and 16 females with normal 
eyes. Two brother-sister matings of normal eyed moths of these produced 
35 glassy among a total of 193 offspring. (The glassy-eyed moths bred true.) 

Silvered eye (si) 

Two males in culture TM17/43 had “silvered” eyes. This is similar to 
white except that it has a metallic glitter which gives the appearance of 
highly polished silver. The two silvered males have a pedigree m which 
many ancestors were irradiated. They were mated to two sisters and pro- 
duced a total of 1 51 moths of which 74 were silvered. 

Spanish cedar eye (sc) 

In culture TM23/2 there appeared three different abnormalities which 
consisted of one rust and two different gold eye colors. A yellowish rust 
color, identified in the color dictionary as “Spanish cedar,” was found in 
two females. One of these females mated to a normal male produced 63 
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normal moths. Three brother-sister matings of these produced 40 Spanish 
cedar-eyed moths and 174 normals. 

Gold eyes (go) and (gn) 

One of the two golds mentioned above had the glittering, ^^new gold” 
appearance similar to silvered. The other appeared as old gold without 
the luster. Crossing the two different golds gives a mixture of the two eye 
colors in the Fi’s, but additional crosses must be made to clear up the 
situation. In the “new gold” eyes the pigment does not recede from the 
facets, or at least the shiny appearance never disappears, regardless of 
how long the moths are left in the light. In the “old gold” eye the pigment 
seems to recede in the normal way when the moth is in the light. This 
culture, TM23/2, had two males and three females with “new gold” eyes, 
and one male with non-shiny or “old gold” eyes. The two t3rpes were iso- 
lated as stocks and in repeated tests have bred as normal recessives. 

Yellow eye (y) 

Culture TM29/12, which produced only four males and six females; 
had one male with lemon-colored yellow eyes. The color corresponds to 
the 10L4 yellow of the color dictionary. The ancestors of this male include 
a larva treated with 700 r units; two generations later a male moth treated 
with 1,800 r units; and three generations later a male treated with 4,000 
r units in whose F3 progeny the yellow-eyed male occurred. This male 
mated to a sister gave 33 males and 40 females all normal. Two brother- 
sister matings from these produced 61 normal and 45 yellow. 

Lohed eye (lo) 

A lobed-eye male and female occurred among 31 offspring in culture 
i3/6b38i2. The eyes were normal except for a horizontal depression across 
the lower half of the eye. The parents in this case were a brother and sister. 
The mutant male died. The female mated to a normal brother produced 
only 6 males and 3 females, of which i male and 3 females had lobed eyes. 
The male died within 24 hours. The females mated to normal brothers 
produced only a few larvae each, from which the character did not again 
appear. From these very meager data, this character is interpreted to be a 
recessive and probably semilethal. 

Sorolla brown (sb) 

Culture TM20/2, which was an Fs from a treated male in the TM series, 
produced two brownish-eyed females in a small culture. This eye color, 
according to the color standard, is “sorolla brown.” The male ancestor 
five generations back had received 1,800 r units and two generations back, 
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4,000 r units. The two abnormal females were mated to normal brothers. 
These two cultures produced 120 moths among which were 36 with “sor- 
oUa brown” eyes. 

In these TM series there appeared again the ebony body color, the 
needle scale, and the shovel scale characters. Since the TM series of treated 
males were descendants of the stocks in which these same characters arose 
previously, it is not known whether they were new mutations or had per- 
sisted in the stocks. 

LINKAGE 

As mentioned above, rolled scales and light body color arose from a 
common treated ancestor. In isolating rolled it was noticed that such in- 
dividuals were also lighter colored than normal. It was at hrst thought that 
the lighter color of rolled might be an effect of the rolled gene. Such was 
not the case. Six cultures, in which heteroxygotes were backcrossed to 
light colored rolled individuals, showed the dihybrid nature of the cross 
with close linkage involved. In these crosses the genetic constitutions were ; 
I i'l/++ by I rl/l rl. In the first four cultures the males wer-e heterozygous 
and in the last two the females were heterozygous. These six crosses pro- 
duced the following: 


CULTURE NO. 

NORMAL 

Irl 

1 

rl 

I 

44 

36 

1 

I 

2 

37 

39 

2 

I 

3 

39 

35 

0 

0 

4 

36 

31 

I 

X 

S 

43 

38 

0 

0 

6 

31 

26 

0 

0 


The rolled-scale normal-colored and the normal-scale light-colored both 
bred true when inbred. 

It will be noted that crossing over occurred in three of the four cultures 
where the male was the heterozygous parent. While none of the mutant 
genes in Galleria have proved to be sex-linked, it is very probable that in 
Galleria, as in other lepidopteran species, the male is the homogametic 
sex. The amount of crossing over between rolled and light based on the 
first four cultures is 2.3 percent. The absence of crossovers among the 
progeny from the two heterozygous females suggests that crossing over 
may be less in the female than in the male or may not occur at all. More 
extensive data are needed to determine whether a real difference exists 
between the sexes in this respect. 

The cross involving rolled and light is the only one in which evidence of 
linkage has been found. In crosses involving the various combinations of 
the genes w, s, g, nd, rl, I, and bl no linkage was observed. Not all possible 
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tests for linkage have yet been made. Cytological observations indicate 
that extensive linkage groups should not be expected, since the chromo- 
somes are numerous (30 haploid) and are small short rods. 

SUMMARY OF MUTANTS 

Table i summarizes the mutations. The information in the columns is: 
(i) culture number; (2) name of mutant; (3) symbol; (4) X-ray dosage; 
(5) sex of individual treated; (6) the generation after last treatment; (7) 
number and sex of individuals in which the abnormality was first noted. 


Table i 


(l) 

( 2 ) 

(3) 

(4) 

(S) 

(6) 

(7) 

Mi3/2b 

abnormal wing 

i 

1800 

& 

F 2 

Icf29 

Mi3/2g 

rolled scales 

rl 

2000 

cf 

Fa 

id 

Mi3/2h 

light body 

1 

1800 

& 

Fa 

id 

F01/3M1 

light tegulae 

It 

2200 

9 

Fa 

39 

#115 

dark mesoscutelluni 

ms 

? 

} 

? 

id^i 9 

Ao3d/ I a 

pink mesoscutum 

me 

1500 

9 

Fa 

i9 

Foig/ la 

red body 

r 

2250 

9 

Fa 

i9 

M3i/ib 

non-red body 

nr 

1200 

d 

Fa 

4d29 

Mi3/3bs 

eosin eye 

e 

1800 

d 

Fa 

id 

Mi3/sbS43 

vermilion eye 

V 

2200 

ds 

Fa 

Id 

Mio/ 6 c 2 Sii 

maroon eye 

m 

2000 

9 

Fa 

i9 

Fi3/4b40 

shovel scale 

s 

4500 

d 

Fa 

4 c ?'2 9 

TMii/s 

black body 

hi 

3500 

d 

Fa 

id 

TM34 

needle scales 

fid 

4000 

d 

? 

Id 

TM28 

chianti eye 

ch 

4000 

d 

? 

i9 

TM17/21 

white eye 

w 

4000 

d 

Fa 

5ds9 

TM9/121 

white eye 

w 

4000 

d 

Fa 

2d6 9 

TM28/22 

canyon eye 

ca 

4000 

d 

Fa 

Id 

TM2k/3i 

salvia eye 

sa 

4000 

d 

Fa 


TM9/11 

rose of sharon eye 

rs 

4000 

d 

Fa 

2d 

TM34/31 

jasper pink eye 

ja 

4000 

d 

Fa 

2d 

TM7/11 

rose leaf eye 

rf 

4500 

d 

Fa 

id 

TM30/11 

reveree eye 

re 

4000 

d 

F 3 


TM7/42 

glassy eye 


4500 

d 

Fa 

id 

TM17/43 

silvered eye 

si 

4000 

d 

Fa 

2 d 

TM23/2 

Spanish cedar eye 

sc 

4000 

d 

Fa 

29 

TM23/2 

old gold eye . 

$0 

4000 

d 

Fa 

Id 

TM23/2 

new gold eye 

gn 

4000 

d 

Fa 

2ds9 

TM29/12 

yellow eye 

y 

4000 

d 

Fa 

i9 

i3/6b38i2 

lobed eye 

lo 

1800 

d 

Fs 

xdi9 

TM20/2 

soroUa brown eye 

sb 

4000 

d 

Fa 

29 


MOSAICS 

From cultures of which one or both parents were heterozygous for the 
traits concerned, there have arisen a number of normal-mutant mosaics. 
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These mosaics uniformly show the mutant character in one lateral half of 
the body while the opposite half is normal. To date there have been de- 
tected thirty-four of these mosaic types, twenty males and fourteen fe- 
males. These came from thirty-three cultures; in eight cases both parents 
were heterozygous and in twenty-five cases one parent was heterozygous 
and the other homozygous recessive. 

The following is a list of mosaics with the culture and genotype of par- 
ents from which they came. The mosaic individuals are indicated with the 
characteristic of the left side above the line and that of the right side below 
the line, or graphically as if the individuaFs head were pointing to the 
right. (In handling and speaking of such mosaics it has become customary 
to hyphenate the mutant character name with ‘^normal/^ using the word 
that indicates the condition of the left side first, as, “rolled-normaF’ or 
“normal-rolled.”) 


CXTLTURE 

GENOTYPE OF PARENTS 

cf 9 

SEX OF MOSAIC 

MOSAIC 

13/rCII 

Rr 

rr 

& 

r-body 

-“**> 

normal 

13/sblI 

Gg 

gg 

& 

normal 

g-wing 

i3/4b3i 

gi 

Gg 

& 

g-wing 

normal 

I3/4C35 

rr 

Rr 

9 

r-body 

► 

normal 

I0/5C28I 

Rlrl 

rlrl 

cT 

normal 

rZ-scaks 

i3/4b32 

Ggt. 

gg 

9 

^^“Wing 

' >. 

normal 

Oig/6Jiii4 

rlrl 

Rl rl 

cT 

normal 

r/'scales 

10/5C271 

Rlrl 

Rlrl 

& 

rl scales 

normal 

i3/bb38i2 

Lo lo 

Lo lo 

cf 

normal 

k-eye 

p3/b2i 

Sh sb 

Shsh 

6 ^ 

^6-cye 

normal 

TM24 

rlrl 

Rlrl 

cf 

normal 
rZ-scales " 

TM23/27 

gg 

Gg 

cf 

^-wing 

normal 

TM23/27 

gg 

Gg 

9 

normal 


^-wing 
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CULTURE 

GENOTYPE OF PARENTS 

SEX OF MOSAIC 

MOSAIC 


cf 

9 



TM23/ 26 

Gi 

Gg 

9 

normal 

^-wing 

P-3/2110 

ww 

Ww 

d" 

normal 

w-eye 

TM2s/3d 

Sc sc 

sc sc 

cf 

sc-eye 

normal 

TM23/ 1 

Gg 

gg 

cf 

5-wing 

normal 

TM25/2 

Rl rl 

Rlrl 

9 

normal 

rLscales 

TM21/1 

Gg 

gg 

cf 

5-wing 

normal 

TMr4/2 

Gg 

gg 

9 

normal 

g-wing 

TM-2 

Sc sc 

sc sc 

9 

sc-tye 

normal 

TM-7 

G 

gg 

cf 

normal 

5-wing 

P-8/21 

sc sc 

Sc sc 

9 

sc-Qye 

normal 

TM26 

rl rl 

Rlrl 

& 

normal 

r/-scales 

TM-28 

Gg 

gg 

<f 

5-wing 

normal 

TM23/11 

gg 

Gg 

9 

g-wing 

normal 

TM23/21 

gg 

Gg 

9 

normal 

g-wing 

TM28/313 

sa sa 

Sa sa 

9 

sa-eye 

normal 

TM23/27 

Gg 

gg 

& 

g-wing 

normal 

TM28/2212 

Ca ca 

Ca ca 

9 

^ra-eye 

normal 

TMii/54 

Gg 

gg 

cf 

normal 

g-wing 

TM 7/41 1 1 

Glgl 

glgl 

9 

gLeye 

normal 

TM 23/1302 

Sc sc 

Sc sc 

9 

normal 

sc-eye 

TM23/111 


Ww 

& 

normal 

w-eye 
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GYNANDROMORPHS 

A few sex mosaics have appeared during this investigation. For the most 
part they have been of the bilateral type. In culture Foi/ia, the female 
parent of which had received 2,250 r units, there appeared a typical bilat- 
eral gynandromorph. On careful examination, it was found to be com- 
pletely male in its left side in both coloration and form while the right side 
was typically and completely female, including its deeper pigmentation, 
its non-notched first wing, its forward projecting maxillary palp and its 
typically longer antenna. The male of the species is somewhat smaller 
than the female; and the body of this gynandromorph was flexed toward 
the left or male side. The line of demarcation between the two sex halves 
was distinctly shown by the dimorphic coloration of the body scales 
especially on the abdomen. An attempt was made to mate the individual 
to both a male and a female. Its behavior was more female than male in 
that it showed no aggressive tendency to copulate with a virgin female. 
However, a normal male copulated with it in a normal way except that 
the process was apparently imperfectly completed and was of shorter 
than normal duration. The animal seemed to have slightly less than nor- 
mal vitality and became comatose about six days later. In the meantime 
it laid a total of 23 eggs, none of which developed. Its abdomen was re- 
moved at this point and given a critical examination. Externally, the left 
side had a normal male clasper and a diminutive adaegus while the right 
side lacked the clasper and had an ovipositor which was typical and ap- 
parently functional, but somewhat reduced in size. Internally, there was 
on the left side an incompletely formed bilobed testis with its ducts leading 
to the adaegus. On the right side was one complete ovary composed of 
its four normal ovarioles (egg chains) which took up most of the space in 
the abdominal cavity. The ovary had a normal oviduct which led into the 
ovipositor. The individual contained no recessive genes as markers, but 
an explanation will be suggested later as to its origin. 

Among the offspring from a brother of the above gynandromorph 
mated to his sister there occurred another sex mosaic. The anterior en<l 
of this animal was typically male in that the maxillary palps hooked in- 
ward, the scales were lighter colored, and the antennae were shortened or 
male-like. The thorax and wings were typically female both in shape and 
coloration. The abdomen and external genitalia showed a combination of 
male and female characteristics. The left male clasper was about half 
normal size and the right only rudimentary. Between these projected an 
almost normal-sized ovipositor. Internally, there was no evidence of a 
testis and only a very rudimentary ovary. 

Anoiier culture produced a sex mosaic which had the characteristic 
coloration of a normal male. Its form, however, was typically female in 
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that its maxillary palps projected forward. It had straight wings without 
the indentation at the end which is characteristic of males, and its genitalia 
were normally female. The mother of this moth had been treated with 
700 r units. 

In a culture the male progenitor of which had been treated with 1,800 
r units, there occurred a typically bilateral sex mosaic. In this case the 
right side was typically male, the left side female. The ovipositor, which 
was on the left side of the center of the last segment, was somewhat smaller 
than normal. On the right side was a normal male clasper. Internally, 
there was a slightly reduced ovary on the left side and a diminutive testis 
on the right. 

Culture i3/7b38i3i had one typically bilateral gynandromorph which 
lived only three days. Externally it resembled the one mentioned above 
except that its left side was male and its right side female. No internal 
dissection was made. 

In culture TM23/2S was found a bilateral sex mosaic which was not 
detected until the second day after it had eclosed. During this time it had 
fluttered about until it had lost most of its scales. However, its left maxil- 
lary palp, left wing, and left clasper were typically male while the right 
palp, wing, and absence of clasper was female in structure. It had a dim- 
inutive ovary but no testis was found. 

The mode of origin of the mosaics and gynandromorphs will be discussed 
below. 

PARTHENOGENESIS 

In a number of cases it has been shown that natural parthenogenesis ob- 
tains among certain species of moths (Seiler 1923 and 1929; Harrison 
1927; Koltzoee 1932, and others). Yung (1925) makes brief mention of 
having isolated virgin females of Galleria mellonella and of having obtained 
impaternate offspring from them but he does not state the number or the 
sex of the offspring. He mentions that Donhoee in 1858 isolated a newly 
eclosed female on a piece of wax and that three weeks later two larvae 
appeared. He does not state whether these two larvae completed their 
metamorphosis. 

The fact that impaternate offspring have here been obtained from moths 
of this species with known mutant genes present as markers has thrown 
some light on the process of parthenogenesis. 

In order to obtain females concerning whose virginity there could be 
no doubt, they were isolated as pupae. No means of distinguishing sex in 
the larval stage has yet been found. However, by carefully scrutinizing 
a great number of pupae a safe and dependable means of distinguishing 
their sex was found. Eighty-six normal female pupae were isolated. They 
were put, one each, into shell vials with pieces of sterile comb. The vials 
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were corked tightly with sterile corks and placed in the incubator at 30 C. 
These isolated females lived from 8 to 18 days, which is about their normal 
life. The vials were marked P-i to P-86. 

In nine of the eighty-six vials from one to 32 larvae appeared. Seven of 
the vials produced eclosed imagoes. The record of the nine vials is as 
follows : 


CULTURE 

DAYS 9 

NUMBER LARVAE 

NUMBER OR 

IMAGOES ECLOSED 


LIVED 

NOTED 

cf 

9 

P -37 

13 

2 


2 

P-38 

14 

I 

I 

0 

P >55 

13 

12 

I 

4 

P-60 

9 

2 

0 

I 

P-65 

8 

4 

3 

0 

P-68 

18 

I 

0 

0 

P-76 

IS 

2 

0 

0 

P-77 

II 

Many 

3 

S 

P-79 

12 

S 

2 

I 

Total 



10 

13 


The number of larvae noted was what could be seen through the vial and 
may represent fewer than were actually present. They were not removed 
from the vials and counted in order that any chance for contamination 
might be avoided. In culture P-76, the two larvae pupated but died in 
their pupa cases. The larva noted in P-68 reached full size but died without 
pupating. 

This seemed to establish the fact that a small percentage of isolated vir- 
gin females do reproduce parthenogeneticaUy. All these females were 
taken from normal wild stock. 

In another series 114 virgin females were isolated. Seventy-seven were 
heterozygous for a mutant gene. Heterozygous individuals were used to 
determine whether any of the impaternate offspring were homozygous 
recessives and thus to throw light on the process by which parthenogenesis 
takes place in this species. In this series half-pint culture bottles were 
used. The bottles, food, and caps were sterilized. One virgin female was 
placed in each bottle. The bottles were labeled P-ioi to P-214. 1*1 this 
series twelve females produced offspring. These cultures are listed below: 

Although the data are meager, this second series of isolated females 
shows the very interesting fact that the heterozygous individual produces 
both wild type and recessive offspring. The impaternate offspring, both 
males and females, appear to be normal in every respect. Haploid individ- 
uals of a normally diploid species are not usually viable. If they live, their 
viability is greatly reduced. Since these GaUeria appear completely normal, 
it is probable that they are diploid. The fact that the recessive types were 
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CULTURE NUMBER 

GENOTYPE OF FEMALE 

NUMBER AND TYPE OF IMAGOES ECLOSED 



cf 

9 

P-140 

+ 

3 + 

14- 

P-144 

+ 

4+ 

5+ 

P-IS6 


1 + 


P-162 

+ 

2 + 


P-166 

+ 


1+ 

P-169 

+ 

7+ 

5+ 

P-180 

Gg 

2 + 

2 gg 

P-181 

Gg 

I-f 

2-h 

P-184 

Gg 

1 + 

2 + 

P-206 

Ee 

i-{-, lee 


P-2ir 

Ee 

2-|-, lee 

2+ 

P-212 

Ee 

24-, 2ee 

2 -^, zee 

Total 


30 

26 


obtained only in the cultures where the mother was heterozygous for the 
mutant gene seems thoroughly to establish the occurrence of partheno- 
genesis and to rule out the possibility of accounting for the few progeny in 
each case as a result of contamination. 

niscxjssiON 

In addition to the discovery of many new and useful genes, one of the 
results of most interest was the detection of a number of individuals show- 
ing the effects of these mutations only in one half of the body. Not all of 
these mosaics could have arisen from unfertilized eggs because there are 
a few cases where the mother was recessive and one part of the mosaic 
showed the dominant allele from the male parent. The dominant char- 
acter might be the result of somatic mutation but this explanation would 
involve the assumption of a high mutation frequency at a very early 
stage in the egg and no mutations at subsequent stages. Otherwise, there 
should occur mosaics with smaller fractions of the individual showing the 
dominant character. Since some of the mosaics come from fertilized eggs, 
they will all be considered to arise in the same manner unless later critical 
cases are found which require another explanation. 

No mosaic thus far obtained has shown mosaicism for both sexual and 
mutant characters. Also, each mosaic has involved only one mutant char- 
acter. As a result of this, critical evidence does not exist as yet to indicate 
with certainty the precise way in which gynandromorphs and somatic 
mosaics arise in Galleria. 

In other species of Lepidoptera, there are a number of cases where 
mosaics may be best accounted for as arising from binucleate eggs. 
Toyama (1906) described a gynandromorphic silk worm larva which could 
be explained by double fertilization of a binucleate egg. Doncaster (19x4) 
demonstrated cytologically that binucleate eggs occur in Abraxas and that 
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each nucleus undergoes meiosis. Whiting (1922 and 1932) has found many 
mosaics in Habrobracon. He ascribes the origin of this mosaicism to egg 
binuclearity. His interpretation is that after the first meiotic division the 
nucleus of the second oocyte gives rise to two pronuclei, that is, the second 
polar body is retained in the egg. In Habrobracon the males normally 
arise from unfertilized eggs and are haploid. If one of the two pronuclei 
of the binucleate egg is fertilized and the other develops parthenogcncti- 
cally, either a haplo-diploid male mosaic or a gynandromorph is produced. 
Post-reductional binucleate (non-fertilized) eggs from heterozygous fe- 
males produce impaternate male mosaics. Whiting states that egg binu- 
clearity best explains the origin of mosaics in this parasitic wasp. 

Goldschmidt and Katsuki (1927) have demonstrated cytologically 
that egg binuclearity occurs in Bonihyx mori and by the use of a mutant 
gene as a marker they obtained genetic evidence that led them to account 
for certain types of mosaics as arising by double fertilization of binucleate 
eggs. 

It has been shown (Goldschmidt 1931) that in certain moths occasional 
eggs are binucleate and these may be doubly fertilized. Goldschmidt and 
Katsuki (1927) found a recessive gene for the tendency toward sex mosaic- 
ism in Bonibyx mori. They found these mosaics generally to be bilateral 
but frequently there were dorso-ventral types. Very infrequently irregular 
types occurred. 

Egg binuclearity with appropriate double fertilization would explain the 
origin of sex mosaicism in Galleria. If the female, which is probably the 
heterogametic sex in Galleria as in other species of Lepidoptera, produces 
occasional binucleate eggs in which meiosis is post-reductional, then one 
of their nuclei would carry an X chromosome and the other a Y. And if 
in such eggs the nuclei were fertilized by sperm, all of which are X-bearing, 
they would produce bilateral (or dorso-ventral) sex mosaics. If on the 
other hand the meiosis had been pre-reductional and each of the two nuclei 
of the egg bore a Y chromosome, then double fertilization would produce 
a normal female. Likewise if the egg carried two X-bearing nuclei and 
these were fertilized by X-bearing sperm, a male would be produced. This 
condition of binucleate origin could be made detectable if each of the 
fusion nuclei had appropriate genes present as markers, in which case the 
individual would be a somatic mosaic. Such an individual could be simul- 
taneously a gynandromorph. 

The gynandromorphs have not appeared as frequently as the somatic 
mosaics. This would be the expected result if pre-reductional meiosis oc- 
curs more frequently for X and Y than for other factors. To date there 
has been no attempt to demonstrate cytologically egg binuclearity in this 
moth. However, the normal-mutant mosaics lend credence to the inter- 
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pretation that the binucleate condition obtains in a small percentage of 
the eggs. 

While the results already obtained serve to demonstrate the occurrence 
of impaternate progeny, they are inadequate for a satisfactory analysis 
of the process of parthenogenesis in Galleria. The sex of the impaternate 
progeny is 40 males and 39 females which suggests that the mechanism of 
parthenogenesis must be one which will account for equal numbers of 
males and females. Where the mother was heterozygous, the progeny com- 
prised 19 wild type and 9 autosomal recessive individuals. Since odgen- 
esis has not been studied in Galleria it seems advisable to refrain from 
further speculation until more genetic and cytological information is 
available. 

Isolated virgin females produced progeny in about one out of ten tested. 
This frequency appears to be higher than the frequency with which mated 
females produced either type of mosaic. No evidence has been found which 
indicates that impaternate moths are produced from mated mothers. 
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SUMMARY 

1. Moths of the species Galleria mellonella are well adapted to laboratory 
conditions in that they are viable, easily cultured, prolific, and breed 
the year round. 

2. The species seems to be very stable genetically in that no mutation 
has been detected in untreated stocks. 

3. X-rays are effective in producing mutations in the normal wild species. 

4. Irradiation in the adult stage has proved most effective for producing 
mutations. 

5. The mutations found act as autosomal recessives. 

6. Thirty-one mutants are described from among some two hundred 
abnormalities which appeared after irradiation. 

7. One case of linkage has been foimd between the genes for light body 
color and rolled scales, with about 2 percent crossing over. 
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8. Crossing. over has been observed only in males. 

9. The chromosomes are very small and numerous — typically lepidop- 
teran. The diploid number is 60, 

10. Heterozygotes backcrossed to recessives produce occasional mutant- 
normal mosaics. These may arise from appropriate double fertilization 
of binucleate eggs. 

11. Infrequently gynandromorphs have been detected. They may arise 
from an X- and Y-bearing binucleate egg fertilized by two X-bearing 
sperm. 

12. Facultative parthenogenesis has been observed to occur in about 10 
percent of the isolated virgin females. 

13. The impatemate ofispring are of both sexes in approximately equal 
numbers and are presumably diploid. 

14. Isolated virgin females, heterozygous for a recessive trait, produce 
both the recessive and the dominant phenot3q)es. 
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Banta, a. M., and Wood, Thelma R., Brown University and Carnegie 
Institution of Washington, Providence, R. I.: Maternal efects in Cladocera, 
On analysis three independent groups of data show results readily expli- 
cable as maternal effects. Sex intergradedness and excavated head inDaphnia 
longispina are characters highly variable in their phenotypic expression within 
a clone, (i) The average degree of sex intergradedness of offspring from high 
mothers of a clone is nearly the same as that for simultaneously reared off- 
spring of low mothers of the same clone; but in each of the series tested the 
high mothers had a slightly higher average expression of sex intergradedness 
in their offspring than did the low mothers. (2) In certain of the selection 
experiments involving the excavated head character the high selections for 
a long period of parthenogenetic generations produced offspring which had 
means slightly but consistently above the corresponding means for the low 
selected line of the same clone; yet these differences were apparently non- 
genetic. These significant data, obtained late in the selection experiments, 
seem highly reliable. (3) In sexual reproduction, 9 from sex intergrade clone 
by cf from normal clone, as compared with the reciprocal cross (9 normal 
by cf* sex intergrade), produced offspring clones averaging higher in their 
expression of sex intergradedness. The same applies to reciprocal crosses of 
excavated head by normal. 

Belgovsky, M. L., and Muller, H, J., Institute of Genetics of the Acad- 
emy of Sciences of the U.S.S.R., Moscow, U.S.S.R.: Further evidence of the 
prevalence of minute rearrangement and ahse 7 ice of simple breakage in and near 
chromocentral regions, and its bearing on the mechanisms of mosaicism and rear- 
rangement, Other X chromosomes constituted like scute-8, for example 

scute-Si, give similar results. In Bar-M2, having an interstitial chromocentral 
region slightly proximal to forked, absence of simple breaks ’is phenotypically 
evident, but irradiation produces comparatively many forked ^^mutations,” 
often with lethals, mosaicism, etc., illustrating predisposition of chromocentral 
and any adjoining regions to compound breakage with minute rearrangement. 

Supposing the spontaneous tendency to such rearrangement intensified 

in somatic cells, these results lead to interpretation of ^‘eversporting displace- 
ments” essentially like Schultz^s recent interpretation based on his salivary 
finding of minute deletions. (Conceivably, additional chromocentral sections, 

Genetics 33: 139 Jan. 1938 
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by conjugating, might, like splints, hinder rearrangement.) The fre- 
quencies and frequency-dosage relations of these rearrangements indicate 
that the simultaneous neighboring breaks are interdependent, and hence 
secondary consequences of some primary chemical change occurring outside 
the parts broken. 

Berger, C. A., Woodstock College, Woodstock, Md.: Prophase pairing in 

somatic cells with multiple chromosome complexes, The diploid chromosome 

number of Culex is six. During metamorphosis, a series of multiples of six: 
192, 96, 48, 24 and 12 chromosomes, are found in dividing epithelial cells of 
the ileum. Prophase stages of cells with high multiple complexes show six 
groups of sister threads. The members of each group are closely associated in 
a cable-like structure. Homologous groups are loosely paired. Prophase groups 
containing 8, 16 or 32 chromonemata in close, side-by-side association, furnish 
an interesting norm of comparison for studies of the structure of giant gland 
chromosomes. The association of so many sister threads seems clearly to show 
that the attraction between like chromosomes is not satisfied by the union of 
two (Darlington). The presence of six groups instead of three gives evidence 
of a primary attraction between sister chromosomes and a weaker secondary 
attraction between homologous groups. 

Bishop, Maydelle, University of Texas, Austin, Tex: X chromosome dupli- 
cations in Drosophila melanogaster, Among 13,017 Fi females, obtained by 

X-raying normal males and mating to y vf car attached-X females, 154 were 
hyperploid for part of an X chromosome. These were: z; / car 105,/ car 4, car i, 
V f i 4 .jf V 12, V car y V f S, y V 1, y 2. Of these,. 143 resulted from the dele- 
tion of the middle of the X, leaving the reunited left and right fragments, 
and II from simple breaks, or deletions with the left break to the left of y 
(0.0). The V car female is an example of a double deletion. The f-car sector of 
the X is slightly longer than the car-bb sector both in crossover units and in 
the salivary gland chromosome. Females hyperploid for this XR section of 
the chromosome (B-bb sector) are as viable as normal females (Patterson, 
Stone, Bedichek). Nevertheless comparable duplications (from, deletion) 
involving these two sections are not of equal frequency. In all, 109 involved 
the car-bb interval and 20 the f-car interval, again illustrating that the car- 
centromere interval is differentially susceptible to breakage. XR fragments 
which result from '‘simple’^ breaks have the advantage of viability. Nine 
occurred as compared with 26 comparable deletions. If chromosomes with a 
^‘broken end” from simple breaks can survive in D, melanogaster, deletions, 
being more numerous, cannot be regarded as the result of two unrelated 
chromosome breaks. 

^ Blareslee, a. F., Avery, A. G., and Cartledge, J. L., Carnegie Institu- 
tion of Washington, Cold Spring Harbor, N. ,Y.; Induction of polyploids in 
Datura and other plants by treatment with colchicine, — number of chemicals 



ABSTRACTS 141 

have been tested with Datura and other plants in an attempt to induce heredi- 
tary mutations. Among these, chloral hydrate, earlier used to induce chromo- 
some doubling in roots, failed to cause doubling in shoots though purple 
pigment in seedlings from treated seeds was temporarily inhibited. Colchicine 
induces abundant production of branches in which the number of chromosomes 
is doubled. When seeds are heavily treated, plumule growth is checked, shoots 
develop from axils of cotyledons, buds in stems are abnormally arranged 
leading to sectors with roughened leaves characteristic of mixed 4n and 211 
tissue like spontaneous 4n sectorial mutations. Normal 2n tissue tends to 
outgrow the mutated 4n tissue, but the latter may apparently include the 
whole shoot. Tetraploid tissue involving the flower may readily be deter- 
mined by examination of pollen. Methods of treating adult tissue are being 
investigated. If control of chromosome doubling by chemical means proves 
of general application (for which there is already some evidence) the plant 
breeder will be able to work with greater precision in his efforts to control 
evolution of economic forms, both of plants propagated by vegetative methods 
and of those reproduced by seed. For example, it should be possible, starting 
with a sterile hybrid, to synthesize a pure-breeding double diploid which would 
have hybrid vigor and the desirable characteristics caused by tetraploidy. 
Tetraploidy would give enlarged flowers and fruits to the horticulturalist and 
be the basis through triploids of a wide range of 2x1+1 chromosomal types. 

Blanc, R., and Child, G. P., Amherst College, Amherst, Mass.: The effect 

of high temperature on the ^Hruncate reaction^ in Drosophila melanogaster, 

Larvae and pupae of non-dumpy and heterozygous dumpy flies were exposed 
to 36.5° for 12 hours during different periods of development. Many ^‘heated^^ 
flies showed wing and thorax characters simulating the expression of dumpy 
and/or truncate. The effect was much more pronounced in the heterozygous 
dumpy stock than in the non-dumpy stocks. The temperature-effective period 
for this truncate reaction was found to occur during the first day of pupal life 
in all the stocks used. By removing timed pupae and subjecting them to the 
heat treatment at definite periods after pupation, it was found that the effect- 
tive period was more closely related to pupal age (physiological age) than to 
age from egg-laying (total chronological age). Males showed a greater effect 
than females with respect to both number and degree the truncates. 

Bogart, Ralph, Smith, S. E., and Kimball, Grace, Cornell University, 

Ithaca, N. Y.: Anemia y a recessive lethal in the rat, The anemic rats appear 

normal at birth, but develop a yellowish color when 3 to 5 days old. This 
yellow color becomes more marked with age, and growth is retarded. Death 
occurs at about 2 weeks of age, and at that time there is much difference in 
the size and appearance of these animals as compared with the normal litter 

mates. The average haemoglobin value for the anemic rats is 4 gms per 

100 ml of blood and for the normal sibs, 9 gms. Red cell counts are low, being 
about one-third those of the normal litter mates. Bilirubin is present in the 
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blood sera of all the anemic rats that have been examined, but none was 
found in the normal rats (Van den Borgh). The heterozygotes are entirely 
normal. Free iron is present in large amounts in the liver of the anemic rats, 

but such quantities are not found in the liver of the normal sibs. Genetic 

studies indicate that this condition is due to a simple recessive. Matings of 
male or female normal litter mates of the anemics to known carriers show that 
about two-thirds of the litter mates carry the gene, while one-third are homo- 
zygous normal. When animals known to be carriers of this gene were mated 
together, the result was 246 normals and 72 anemics. This is a good fit to a 
3 to I ratio. The gene is not sex linked. The anemic animals have not re- 

sponded to iron-copper or liver therapy. (This study was supported by funds 
from the Rockefeller Foundation Grant for Research in Longevity.) 

Brehme, Katherine S., Columbia University, New York, N. Y.: The 

time of death of three Minute homozygotes in Drosophila melanogaster, As a 

clue to the mechanism of the Minute reaction, the lethal action of the homo- 
zygous Mw, MFla, and factors is being studied. Egg, larval, pupal and 
adult counts of offspring from crosses of Minute males by Minute females 
show that the homozygous Minutes die as larvae. Observation of Petri dish 
cultures show that all Minute homozygotes die in the first larval instar; such 
larvae may be recognized by their sluggish, flaccid appearance. A few lethal 
larvae survive two days after hatching (25°C) but do not undergo the first 
moult although their sibs are then in the third or late second instar. 

Brehme, Katherine S., Columbia University, New York, N. Y.: The 

growth curve of Minute larvae, Measurements of larvae from crosses of 

Mw and MF males by wild type females show, at 24, 48 and 96 hours after 
oviposition at 25°C, a unimodal frequency distribution of larval length. Meas- 
urements of Mw populations just before pupation of the wild type (100 hours), 
and when all wild type larvae have pupated and Minute larvae are beginning 
pupation (144 hours), indicate that Mw larvae do not increase significantly in 
length during the two days of delay. At 25®, therefore, these Minute heterozy- 
gotes follow the same curve of growth in larval length as the wild type, enter- 
ing upon a growth plateau at pupation of wild type. As Minute imagoes are 
smaller than non-Mieutes, it is suggested that the Minute reaction is not 
effective upon growth of larval tissue but upon imaginal tissue through an 
effect on cell division. 


Bridges, C. B., Carnegie Institution of Washington and California Insti- 
tute of Technology, Pasadena, Cal. : Revision of the salivary map of the X chro-^ 

mosome of Drosophila melanogaster, For precise localization within the 

X chromosome of the points of breakage of aberrations, and for determining 
accurately the relation between crossing-over and the chromosome axis, more 
reliable salivary maps are required than those already available (Painter 
1934, Bridges 1935). Accordingly, very careful drawings at 5000 diameters 
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were made for each of the twenty divisions of the X chromosome, using only 
permanent preparations especially favorable in fixation, staining, size and 
non-kinked stretch of the chromosomes. Averaged drawings were made from 
the best drawings (3-"7) for each section. The composite map is 414 microns 
long, as compared with 220 microns for the 1935 map, and approximately 
1024 lines are recognized as compared with 725. The relative intensity, spacing 
and characteristics of the lines are much better represented. A feature of great 
convenience of the new map is the numbering of all lines, hence references to 
position are precise. 


Cameron, John A., Harvard University, Boston, Mass.: Hair color changes 

in mice as indicators of the spread of X-ray effects. New hair produced by 

black or agouti mice, on areas depilated by X-ray exposure, is white or silver 
colored. The white areas exactly conform to the area of exposure while the 
hair on lead-shielded areas retains the original color. Mice whose posterior 
halves have been turned white by moderate X-ray exposure exhibit sharply 

defined boundaries after many months. Some mice, exposed to sub-lethal 

X-ray dosage, become white first on the exposed areas and later, by progres- 
sive extension from the exposed area forward, white over the entire body. 

This change occupies five to six months. It is suggested that this is a 

cell to cell transfer of substances upsetting the enzyme-pigment balance of 
the cells concerned and that it represents a transfer of X-ray effect into a 
lead shielded region. 


Carlson, J. Gordon, University of Alabama, Tuscaloosa, Ala. and Car- 
negie Institution of Washington, Cold Spring Harbor, N. Y. : Some effects of 

X-radiation on somatic chromosomes of Chortophaga viridifasciata, Neuro- 

blast chromosomes of irradiated grasshopper embryos show in succeeding 
stages of the same mitotic cycle the following deviations from untreated 
material: i) Fragmentation. The distal fragments, which lack spindle fiber 
attachments, are arranged irregularly outside the metaphase spindle. Chro- 
matids of such distal fragments separate either entirely to form two rods or 
partly to form V^s or rings. At telophase these fragments become diffuse in 
"accessory nuclei’’ outside the main nucleus. 2) Translocations. U-shaped 
chromosomes at metaphase and U-shaped chromatids at anaphase with 
spindle attachment loci at both ends prove that attachments have occurred 
between different chromosomes, presumably in connection with loss of the 
distal ends by fragmentation. 3) Chromosomal constrictions in unusually 
large numbers may represent places of incomplete fragmentation and/or 
places of reattachment following fragmentation. 4) Chromatid inequalities 
are present as: non-terminal chromosome fusions resulting from single chro- 
matid lesions in two or more chromosomes with reattachment of non-sister 
chromatids; unequal metaphase chromatids; and anaphase sister chromatids 
of unequal length or with non-corresponding constrictions. 5) Half-chromatid 
inequalities are suggested by minute fragments and by regions in the anaphase 
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chromatid of abnormally small diameter. These observations indicate 

that i) chromosomes treated with X-rays are fragmented and translocated 
during or immediately following irradiation, 2) X-rays can affect either one 
or both chromatids of a chromosome, and 3) interphase and prophasc chroma- 
tids probably consist of more than one chromonenia. 


Chase, Herman B., University of Chicago, Chicago, III: Biometric study 

of white spotting in the guinea pig. The strain (35 U) used in this study 

traced to one mating in the 22nd generation of brother-sister mating. There 
was variability about the average (70 percent white) from a trace to 100 per- 
cent white (nongenetic as indicated by parent-offspring correlation, + .026). 
Presence of color was determined in each of 30 points on drawings of the 405 
animals. All of the possible 276 tetrachoric correlations were calculated among 
the 24 points with from 10 percent to 81 percent color. Forehead and eye 
points show rather low correlations even with each other. Apart from these, 
the points on each side fall into 3 groups within which there are high correla- 
tions (+.60 to +.96) but between which the correlations average much lower. 
Correlations are higher across the midline of back (average +.47) than across 
the mid-belly (average +.21). The dorsal points show their highest correla- 
tions with points ventrad (+.80) or anteroventrad (+*7d). Embryonic pro- 
portions ofier a possible explanation. The cheek-ear-shoulder region shows 
practically no correlation with loin-rump-hind leg region of the opposite side 
(18 correlations, average +.04) and a significantly negative correlation with 
this region of same side (18 correlations, average —.08). Corroborative evi- 
dence has been obtained from another inbred strain. Absence of positive cor- 
relations between remote points indicates that the nongenetic factors do not 
act much on the animal as a whole. This is in harmony with the low correla- 
tion between littermates (+.11 5). Negative correlations between certain re- 
gions on the same side suggest interference. 


Cleland, Ralph E., Goucher College, Baltimore, Md.: The present status 
with regard to segmental arrangements in Oenothera. — —The author is engaged, 
in collaboration with Dr. P. A. Munz, in a study of the wild Oenotheras (sub- 
genus Onagra) throughout their entire range.The segmental arrangements 
are being determined of as many as possible of these forms, it being hoped 
that a comparison of the various complexes from the standpoint of their 
segmental arrangements will make possible, in conjunction with taxonomic 
criteria, an understanding of the nature of the relationships between the 
species, and of the forces which have been of predominant importance in their 
evolution. The occasional occurrence of segmental interchange in our own ex- 
perimental material has rendered definitive analyses difficult, but consider- 
able progress has been made. Formulae for 8 new complexes have been ten- 
tatively determined, and the possibilities for a number of other complexes 
have been reduced. 
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Collins, J. L., and Kerns, K. R., University of Hawaii, Honolulu, T. H.: 
Mutations in the pineapple^ Ananas comosus {L) Merr, The Cayenne vari- 

ety has been propagated asexually for 100 years. It now has an extremely 
heterozygous genotype and is composed of a number of clones. Heterozygosity 
has undoubtedly increased during this period of vegetative reproduction 
through the occurrence of mutations. Mutations have appeared influencing 
plant, inflorescence and fruit characters and which indicate something of 
the type of characters potentially present in the genotype as heterozygous 
recessives. The rate of mutation is generally low but the number of plants 
growing annually, approximately 1,800,000,000 shoot meristem areas, gives 
opportunity for the appearance of many mutations. The vegetative method 
of propagation preserves and increases the number of mutant individuals. 
Mendelian analysis has shown that both simple gene mutations and those of 
a more complex nature have occurred including dominant, recessive and 
lethal changes. 

Collins, J. L., and Kerns, K. R., University of Hawaii, Honolulu, T. H.: 
The origin and breeding characteristics of polyploid pineapples^ Ananas comosus 

(L) Merr, The majority of pineapple species and varieties have the diploid 

number of 50 chromosomes. Triploid and tetraploid forms containing 75 and 
100 chromosomes occur infrequently in 2N hybrid populations. Triploids 
originated by fertilization of 2N eggs and normal N pollen. One 4N originated 
as a single plant in a varietal hybrid population. This varietal amphidiploid 
could have originated either from the union of two 2N gametes at fertiliza- 
tion or through zygote doubling following fertilization of N gametes. Other 
4N plants were the entire progeny ofa2N9 by3Nc?’ cross and resulted from 
the fertilization of a 2N egg gamete from the diploid parent by 2N pollen 
gametes from the triploid parent. No 3N plants were produced in this cross. 
Meiosis in triploids is very irregular and very few functional gametes are 
produced. Tetraploids have a regular meiosis and produce a high percentage 
of normal gametes. Crosses of 2N by 4'N have failed to produce the expected 
large numbers of 3N forms. The majority of the progeny from such crosses 
are 4N with a few 3N and 2N plants. 

Creighton, Margaret, State University of Iowa, Iowa City, I. : Parthe- 
nogenesis in Chorthippus curiipennis. In a project on the genetics of this 

species, isolated virgin females have been found to lay unfertilized eggs within 
about two weeks after the final moult. Unfertilized eggs are very poorly viable, 
only a few ever reaching the hatching stage. Of those that hatch, nearly all 
die within a few hours. Some fail to accomplish the first moult at hatching. 
Monsters of various kinds are frequently formed and usually lead to the early 
death of the embryo. Unfertilized eggs undergo both maturation divisions in 
the same manner as fertilized eggs. Embryos examined at later stages, how- 
ever, show both haploid and diploid cells. The mechanism by which the 
change from haploid to diploid takes place has not yet been worked out but 
further investigation is in progress on this point. 
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CuMLEY, R. W., University of Texas, Austin, Tex.: Serology of Drosophila. 

Rabbits were inoculated with saline extracts of various Drosophila species. 

The antisera so produced were tested with complement fixation and precipi- 
tation technics. In this way the antigenic relations of several species of Dro- 
sophila were established. Results of these tests were compared with data 
regarding the taxonomic relationships of the species in question. The taxonom- 
ic and serologic relationships were found to be similar. 

CuMLEY, R. W., University of Texas, Austin, Tex.: Efect of temperature on 

fertility and viability of hyper ploid males of Drosophila melanogaster. Males 

of D. melanogaster carrying in duplicate the X chromosome regions 8A through 
9A, o-through 3C2, or 18D through 20D (Bridges' 1935 map) were raised at 
13.5°, 17.5°, 21°, 26°, and 2<fC. These three particular hyperploid stocks were 
selected because, at normal temperatures, they have quite different fertility 
and viability. A y^ control was carried at the same temperatures. All males 
were tested for fertility and viability by mating to y v f attached-X females. 
Control y males and 8A-9A males were most fertile if raised at i7.s®‘-2i®C; 
O-3C2 males were most fertile if raised at i7.S°C.; and 18D-20D males were 
most fertile if raised at 2i°C. The two latter groups had relatively small 
ranges of tolerance to temperature, and were almost completely inviable at 
i3.S°C. The 8A-9A duplication males had viabilities more nearly normal. 

Davenport, Chas. B., Carnegie Institution of Washington, Cold Spring 

Harbor, N. Y.: How family resemblance of features is brought about. Profiles 

of two unrelated grown boys with unlike facial features are shown. Also the 
changes in proportions of these features are traced year by year from an 
early age. The adult differences are largely foreshadowed in the child. In 
contrast is shown the profile of a pair of identical twin girls. The growth 
changes experienced by their features are extremely similar. The end result 
is great facial similarity. If in the latter case the similarity of growth of 
features is to be ascribed to the similar action of like genes, in the first case 
the unlikeness is to be ascribed to dissimilar genes guiding development. In 
view of the great range of kinds of facial features in mankind, the number of 
kinds or modification of genes affecting facial features must be great, even if 
we assume that a large part of the difference between features is due to dis- 
similar combinations of relatively fewer genes. 

DtJNN, L. C., and Glucksohn-Schoenheimer, S., Columbia University, 
New York, N. Y.: A dominant short-tail mutation in the house-mouse with re- 
cessive lethal effect. Short-tailed mice found by Prof. C. H. Danforth 

among descendants of his posterior duplication stock have been tested and 
found to contain a new dominant. Heterozygotes resemble the Brachury 
mutant type but the tails are somewhat shorter, varying from tailless to about 
I of normal. Homozygotes are entirely tailless, have a marked lesion in the 
sacral region resembling spina bifida, have no anal opening and generally no 
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genital papilla. These invariably die within 24 hours after birth. Matings of 
short by short have given 90 short, 35 normal and 41 of the lethal type. Short 

by normal matings have given 124 short, 109 normal. The new mutant 

(known as D-short, Sd) has been tested for allelism with Brachury, T. Fi 
consisted of 29 Brachy, 24 D-short, 41 tailless, 31 normal. Fi tailless when 
tested by normal gave about equal numbers of Brachy, D-short, tailless 
and normal (54:44:45:46). This shows that animals heterozygous for both 
T and Sd are tailless, and that T and Sd assort independently. The effects 
of these non-allelic tail mutations are therefore cumulative. 


Eyster, H. Clyde, Carnegie Institution of Washington, Cold Spring Har- 
bor, N. Y.: Natural mutation rate in corn. The natural mutation rate in 

corn is much higher than most geneticists suppose. In a commercial field of 
corn in Central Pennsylvania 73 virescent seedlings were found among a cal- 
culated total of 6510 seedlings. These 1.12 percent of seedlings which were 
virescent were albino in nature with a small amount of chlorophyll near the 
tips of the leaves, and lived only about 3 weeks at the most. Theoretically 
lethal recessive mutants tend to disappear from a freely self and cross polli- 
nated population such as corn. Hence, the mutation rate of this virescent gene 
and possibly numerous other loci must be rather frequent. The interaction of 
natural selection and of the mutation rate controls the number of double re- 
cessive mutants appearing in a heterogenous population of corn. Two 

years ago the author in collaboration with Dr. William H. Eyster reported 
at the St. Louis meetings 40 spontaneous gene variations which occurred 
naturally from a commercial strain of corn and which affected every part of 
the plant in almost every way that is possible. Due to a high natural mutation 
rate in corn it is absolutely necessary to have controls in experiments so as to 
differentiate between naturally occurring and artificially produced changes. 


Gable, Jeanne V., New York University, New York, N. Y.: Temperature 
ejffects on the wings of vestigiaUNo wing — ^The mean lengths and areas 

of the wings of vestigial-No wing/wild from matings of such heterozygotes 
vary inversely with the temperature, as do those of wild/wild, but are signifi- 
cantly lower in value. The phenotype is nicked or notched with the lateral 
margins usually complete. It occasionally overlaps wild type. The wings of 
vestigial-No wing flies sired by homozygous vestigial-No wing out of vestigial- 
No wing/wild females show very deep V-shaped terminal notches instead of 
the shallow notches in the wings of the heterozygotes from heterozygous 
parents. The wings of vestigial-No wing/vestigial-pennant vary inversely in 
size with the temperature, the phenotype ranging from “strap” to “vestigial” 
with the rise in temperature. The wings are carried in the normal position 
back over the abdomen or only at a slight angle to the longitudinal axis of the 
body. The wings of vestigial-No wing/vestigial flies are indistinguishable 
from those typical of homozygous vestigial but in contrast to homozygous 
vestigial they remain “vestigial” in appearance through the viable temperature 
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range. The wings of homozygous vestigial-No wing flies are ''apterous” in 
phenotype and do not vary with the temperature. 

Goodale, H. D., Mount Hope Farm, Williamstown, Mass.: the 

vdltie of hfeedifi^ fncthods ifi iTnpTOvifi^ liveslock. ‘The value of different 
methods of breeding in improving live stock can be measured by comparing 
the rate of change in the average which takes place under one method of 
breeding with the rate under other methods. Charts showing the rates of 
change obtained by the use of the family method (progeny of one sire and 
dam), as it is called at Mount Hope, on a number of characters in different 
kinds of animals will be exhibited together with charts showing results ob- 
tained by modifications of this method and by other methods. Specimens, 
some living, showing the amount of change will also be shown. 

Goodspeed, T. H., and Malloch, W. S., University of California, Berkeley, 
Cal.: Temperature^ X-ray and neutron studies on Neurospora. A tempera- 

ture of 59°-6 i°C, in a thermostatically controlled water bath, is favorable for 
germination of ascospores and for destruction of conidiospores or mycelial 
growth on inoculated agar slants. One and one-half hours of treatment is 
required for N, tetraspermOj but two hours are favorable for germination of 
ascospores in N, sitophila. Exposure of conidiospores or mycelia to shorter 

heat treatments at 59®-6i®C results in variation. With low humidity, at a 

temperature of 25'^C, irradiated ascospores of N, tetrasperma^ upon germina- 
tion, exhibit an increase in the number of variant cultures with each progress- 

sive increase in the length of the storage period. Storage of untreated 

ascospores at 42'*C induces variation in the resulting cultures, while in irradi- 
ated cultures the alterations due to heat and X-radiation become cumulative. 
At o°C the untreated cultures are apparently uninjured, but the irradiated 

cultures show a cumulative effect. Ascospores treated with Grenz rays 

produce a large number of variant cultures in N* tetrasperma. Neutrons pro- 
duce an equivalent effect at a lower "dosage.” In both cases percentage of 
abnormal forms increases with an increase in dosage. N. sitophila is more 
resistant to Grenz radiation injury than N, tetrasperma; the effect on the for- 
mer is shown by a shift in the ratio of cultures with conidiospores to cultures 

without conidiospores in a hybrid involving these characters. Several 

degrees of retardation of development occurred in derivatives of X-rayed 
ascospores. Early growth of certain cultures corresponds with that of uni- 
sexual dwarfs, but later on their bisexual nature is apparent by their produc- 
tion of perithecia and ascospores. Certain bisexual X-ray derivatives cross 
with either sex as a result of selective pairing in the ascus hook. 

Gowen, John W., Iowa State College, Ames, la.: A comparison of X-ray 
inacHmiion rates in Drosophila and in tobacco mosaic virus. — 'Data showing 
the inactivation rates of different Drosophila cells and tobacco mosaic viruses 
will be compared. These data bring out similarities of these X-ray effects in 
gene and virus particles. 
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Green, E. L., Brown University, Providence, R. I.: The inheritance of 

coastal and vertebral variations in the rabbit, Two selected and inbred families 

of rabbits differing with respect to the number of pairs of ribs and vertebrae 
were crossed to produce two hybrid and two back-cross generations. The 
normal family is practically true breeding for twelve thoracic and seven lum- 
bar vertebrae. The 13-ribbed family is relatively constant in the occurrence 
of extra ribs but somewhat variable in the degree of development of the ribs 
and in the number of lumbar vertebrae, which may be six or seven. In this 
cross the mere presence of extra ribs, without regard to their expressivity, is 
apparently a Mendelian recessive, as indicated by their suppression in Fi and 
by their recovery in expected monofactorial frequencies in succeeding genera- 
tions. In the 13-ribbed family complete development of the extra ribs is 
generally associated with seven lumbar vertebrae; incomplete development, 
with six. This association may be caused by variable action of a growth factor 
whose effect extends throughout the vertebral region including the thoraco- 
lumbar and lumbo-sacral borders. However, the fact that the F2 and back- 
cross animals have ribs less completely developed on the average than the 
13-ribbed parents, and that six lumbar vertebrae occur more frequently than 
seven indicates that there are also genetic modifiers of the expressivity, some 
of which were introduced by the 12-ribbed parent. Additional breeding tests 
are designed to test the validity of these conclusions and to explain the pro- 
duction of a few 12-ribbed animals in the 13-ribbed family. 


Grieeen, a. B,, and Stone, W. S., University of Texas, Austin, Tex.: Gene 
position and mottling, Two mutual translocations involving the X chro- 

mosome, each broken to the right of line 3C2 (Bridges’ 1935 map) produce 
mottled eyes. These white mottles are and boQe. has moved XL in- 
cluding 3C2 to a position next 101F3 of chromosome IV. doge has attached 
XL through 3C2 next to 100C3 in chromosome III. Irradiation has induced 
several changes of these mottled phenotypes. In the case of fifteen cases 
of phenotypic change were accompanied by gene rearrangements involving 
XL through 3C2. The new phenotypes: ten cases have red eyes with black 
flecks, one lemon with vermillion spots, one white (only break to left of 3C2), 
and three normal red which on irradiation produced secondary mottles that 
involved further rearrangements. Mottled doge on similar treatment changed 
often to a lighter color and several times to a darker color (with and without 
mottling). The darker changes involved gene rearrangements. Several Plum 
alleles (Suche) and (an inversion, analysis incomplete) have also reverted 
to normal phenotype. Obviously the normal red condition is independent of 
the old association of genes in the X chromosome; mottling at the white locus 
is likewise independent of the original translocations and of juxtaposition to 
the chromocenter. 


Gustafsson, Are, Carnegie Institution of Washington, Cold Spring Har- 
bor, N. Y. : Species formation and polyploidy within the apomictic genera Rubus 
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and Taraxacum. All American species belonging to Rubus subgenus 

Eubatus are sexual, even those closely related to the European blackberries. 
The thousands of European microspecies, published by taxonomists, belong 
to two different groups: RuU Euhati veri and Rubi Corylifolii. Only two sexual 
diploid species are known. All more or less apomictic E. veri are triploid, 
tetraploid or pentaploid (3X - 2 1 , 4x = 28, 5x = 3 s) . Rubi Corylifolii are hybrids 
between E. veri and the tetraploid apomictic R. caesius. Their chromosome 
numbers are 4X=28, sx = 35, 6x = 42 and 7x = 49* microspecies can be 

grouped into six classes of species with a different taxonomical value, but, 
due to panmixis, the taxonomy of the subgenus is arbitrary and superficial. 
Only at the outskirts of their distribution area, the depauperated biotype- 
compounds can be divided into groups, the limitation of which probably is 
phylogenetically determined, The North European apomicts of Taraxa- 

cum belong to six different groups, which may be called agamospecies (Tures- 
son). They are taxonomically and ecologically well limited. The apomicts of 
the group Vulgaria, containing more than 300 published species, are triploid 
(3X=24) throughout. Last year, however, a sexual diploid population with a 
limited distribution also belonging to Vulgaria was found. Spectabilia is an 
atlantic tetraploid group (4x=32). Ceratophora consists of arctic tetraploid 
apomicts, Palustria of tetraploid apomicts limited to swampy localities, and 
Erythrosperma and Obliqua form two lime or sand groups with triploid as 
well as tetraploid apomicts. Hence a rather marked difference exists be- 

tween the facultative apomicts within the genus Rubus and the obligatory 
apomicts in the genus Taraxacum. In Rubus the biotypes do not group them- 
selves into natural units, whereas this more or less is the case within Taraxa- 
cum. 


Gcyer, M, F., Mohs, F. E., and Claus, P. E., University of Wisconsin, 

Madison, Wis,: Inheritance of resistance to transplantable cancer in rats. By 

selective breeding through thirteen generations a strain of rats highly resist- 
ant to implants of the Flexner-Jobling rat carcinoma (FRC) was isolated 
from a very susceptible stock which in transplants to 1543 individuals has 
shown 1303 ^Takes,” or 84.4 percent. Susceptibility was reduced in the selected 
strain in the 8th to 13th generations to 6 percent of ^Takes” (62 takes out of 
1043 implanted individuals). In crosses of the immune strain with the unse- 
lected stock the total Fi hybrid generation showed 87 percent of ^^takes^^ (75 
individuals out of 96 implanted) compared with 77.6 percent (52 individuals 
out of 67 implanted) in controls from the original unselected population. Back- 
crosses with each parent type and interbreeding of the Fi hybrids yield prog- 
eny which indicate that far fewer dominant factors for susceptibility are 
involved than the number indicated in similar cross-breeding experiments 
with mice, in which, however, the several experimenters used widely different 
strains instead of strains which are probably very closely related except in 
the matter of susceptibility to cancer implants. The total numbers of progeny 
in our later generations are still too few to draw trustworthy conclusions* The 
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main interest of the work lies in the possibility of determining something about 
the mechanism of resistance through studies of differential responses in the 
two strains to various kinds of implants, carcinogenic agents, infections and 
artificial lymphopenia. 

Hadorn, E., and Neel, J., The University of Rochester, Rochester, N. Y.: 
The accelerating effect of ring-gland injection upon puparium formation in nor- 
mal and hybrid Drosophila larvae. Between the two hemispheres of the 

brain of Drosophila larvae, encircling the dorsal blood vessel, is found a ven- 
trally incomplete ring of tissue, some 200^ in diameter. That this organ — the 
ring-gland — is the source of a hormone capable of accelerating puparium for- 
mation in Igl/lgl larvae has been shown by Hadorn (1937). The present experi- 
ments indicate that this hormone has the same effect in +/+ larvae. Injec- 
tion of one to three genetically normal mature glands into genetically normal 
hosts by the Ephrussi-Beadle method results in a significant acceleration of 
puparium formation. The degree of acceleration depends upon the time of the 

injection and the number of glands injected. At 25°C normal flies have 

an egg-larval period of 4.5 days. The male larvae from the cross (Z>. melano- 
gaster 9 XD. simulans d') under very favorable cultural conditions form 
puparia at from 8.5 to 15.5 days after egg-laying; 50 percent have reached this 
stage within 11.5 days. When one normal ring is injected into such larvae 
at 8, 9, or 10 days subsequent to egg-laying, about 85 percent of the larvae 
produce puparia within 24 hours. Neither control nor injected male hybrids 
undergo further development subsequent to the initial form and color changes. 
It is suggested that one effect of hybridization is to throw the puparium-for- 
mation mechanism off balance — ^probably through a malfunctioning of the 
hormone-producing organ (the ring-gland) rather than through a deficiency 
on the part of the reacting material (larval skin). 

Huettner, a. F., and Sonnenblick, B. P., Washington Square College, 
New York, N. Y.: Cytology of the egg of Drosophila melanogaster following X- 

radiation. In this, the first of a planned series of experiments, wild males 

were treated with 5000 r units and mated with untreated females. Eggs were 
collected and fixed at various periods of development. Upsets in the normal 
cytological picture were observed with marked frequency, the earliest cleav- 
ages being especially affected. The demonstrations will indicate several of 
these distorted figures. 

Humes, Arthur G., and Sawin, Paul B., Brown University, Providence, 

R. I. : Homeotic variations in the axial skeleton of Miis musculus. An in toto 

examination by the Spalteholz method of five familes of mice, including 221 
individuals, indicates the typical number of cervical, thoracic and lumbar 
vertebrae to be 7, 13, and 6 respectively. Variations from this proportion are 
continuous but may be arbitrarily classified into seven types according to the 
presence or absence of an additional pair of either cervical or lumbar ribs or 
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both and also according to the vertebra to which the pelvis attaches. The dis- 
tinct characterization of three families — Family N by entirely normal rib and 
vertebral number, C by a predominance of cervical ribs, L by lumbar ribs and 
Cl (40 generations inbred) by cervical ribs and bifurcated xiphisternae — sug- 
gests that the forces influencing this variation are genetic. Since in a cross 
between families C and L (family CL) both cervical and lumbar ribs predomi- 
nate, additional rib units here appear to dominate their absence. Dominance 
however either is incomplete or influenced by modifying factors since the 
mean expressivity of extra ribs is less than in the parental families. Greatest 
expressivity and symmetry of lumbar ribs appears to be correlated with an 
increase in number of presacral vertebrae. 

Huskins, C. L., Hunter, A. W. S., Newcombe, H. B., and Wilson, G. B., 
McGill University, Montreal, Canada: Chromonema and chiasma studies in 

asynapticy desynaptic and normal Trillium erectum, (i) Two types of asyn- 

apsis have been produced experimentally by abnormal temperatures in 
Trillium erectum. In one there is failure of pairing but close association between 
the pairs of sister chromatids. In the other there is lack of association between 
sister chromatids as well as between homologues. The direction of coiling and 
number of changes in direction have been determined in these and in normal 

plants. (2) Desynapsis before metaphase following normal pairing and 

chiasma formation has also been produced experimentally and coiling intensity 
and changes determined in it. Conclusions from these two studies are: (a) 
correlation of direction in sister chromatids depends on closeness of associa- 
tion, (b) chiasmata cause a number of changes equal to the chiasma frequency, 
(c) the attachment is a point of random change and therefore causes half as 
many changes as there are chromatid attachments, (d) the remaining number 
of changes is proportional to the number of gyres. This varies greatly under 

the different conditions, (3) It has been established that during diakinesis 

and metaphase when the chromosome is relatively stationary in size the chro- 
monema is elongating. During the period of major spiral formation it at least 
doubles in length. Existing hypotheses of the mechanism of coiling arc evi- 
dently invalid on these data; they suggest a new one. (4) Individual chro- 

monemata were traced through fifty pairs of chiasmata and 35 found to be of 
the compensating and 15 of the non-compensating type, A similar proportion 
was previously found in Melanoplus. There is a relationship between types of 
chiasmata and distance between them. These data are examined in relation 
to Neurospora and Drosophila genetic data. Chromatid interference definitely 
occurs in some organisms and may be of general occurrence, as its reported 
absence in Drosophila does not appear to be thoroughly established. 

Hutt, F. B., Cornell University, Ithaca, N. Y.: Naked, a sex-linked semi- 

lethal mutation in the domestic fowl, About three-quarters of the affected 

female chicks die during the last three days of incubation. Those hatched lack 
the normal covering but may have sparse strands of down. Shafts of the chick 
wing feathers may be extruded from the follicles but they are gnarled, twisted 
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and unable to develop normally. At maturity there is a fairly normal develop- 
ment of the fluff feathers in the abdominal and ventral regions but the contour 
feathers are markedly reduced in number and few of them have a normal 
web. The rectrices and remiges are absent or represented only by one or two 
very short shafts. In general appearance the birds resemble Silkie fowls but 
most have fewer feathers. Distribution and extent of the pterylae are normal. 
More than sixty affected chicks and embryos have thus far been obtained, 
all females. Chicks with normal down hatched from these matings show a 2 : i 
ratio of males to females, as is to be expected. The effect of homozygosity for 
the naked gene in the male is not yet known, but the character is obviously 
sex-linked, recessive and semi-lethal. 


Irwin, M. R., University of Wisconsin, Madison, Wis.: A genetic analysis 
of species differences in Columhidae, Using standard immunological pro- 

cedure, it can be readily demonstrated that, of two contrasted species of 
.animals, each contains within its red blood cells antigenic substances '^pecul- 
iar” to itself as well as other components "common” to both species. As a re- 
sult of successive backcrosses to Ring dove, in the cross of Pearlneck {Spilo- 
pelia chinensis) by Ring dove {Streptopelia risoria) there have been isolated 
ten different cellular characters peculiar to Pearlneck. These individual 
components have been termed d-i, d-2, d-3, d-4, . . . d-io. Matings to Ring 
doves of backcross birds with these respective single characters produce off- 
spring approximately half of which possess the particular Pearlneck character, 
and half do not. Such results would be expected on a genetic basis if the char- 
ters peculiar to Pearlneck were hereditary. Three of these particular 

Pearlneck constituents have associated with them different parts of the new, 
or "hybrid” components, these being found in the cells of the species hybrid 
and not in those of the parental species. One or more parts of the "hybrid” 
components have been found in certain other species of doves. These re- 

sults represent experimental evidence showing that the differences in chemical 
pattern between species are of the same genetic order as the differences in 
pattern within species. 


Jones, D. F., Connecticut Agricultural Experiment Station, New Haven, 
Conn.: Variegation resulting from unequal mitosis, Maize seeds heterozy- 

gous for the C aleurone color gene show colorless spots along with colorless 
spots paired with dark spots. The dark part of these twin spots may be uni- 
formly colored or variegated. This variegation is secondary twinning, the dark 
cells reverting to normal or to colorless or changing to still darker. A few 
seeds show a high frequency of primary twin spots of regular outline. Other 
seeds show an extreme variation in aleurone color. This variable pattern is 
produced by colorless, normally colored and dark colored areas in irregular 
outline. These variegations occur in definite areas varying in size from small 
patches to the entire surface of the seed. In seeds heterozygous for the linked 
genes C and Wx, areas that have lost C are frequently variegated for Wx, 
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Similar behavior has been found for the Pr and Su genes. This type of varie- 
gation usually affects genes on only one chromosome but seeds variegated 
for both C and P/, on different chromosomes, do occur. Variegated seeds are 
usually normal in growth but may show marked irregularity in cell coordina- 
tion resulting in depressions and outgrowths. This type of variegation is 
clearly different from the common R variegation in seeds having one R allele 
and results from frequent losses or shifts of genes at successive cell divisions 
and is one of many manifestations of unequal mitosis during development. 

Kaufmann, B. P., Carnegie Institution of Washington, Cold Spring Har- 
bor, N. Y.: Complex chromosomal rearrangements following X-radiation of 
sperm of Drosophila melanogaster. Cytological analysis of complex chro- 

mosomal rearrangements in salivary glands of larval offspring of irradiated 
males has furnished information relative to i) the organization of salivary 
chromosomes; 2) the structure of the chromosomes at the time of irradiation; 
3) the mechanism of chromosome breakage and attachment. 1) Chromo- 

somes which are broken close to the spindle fiber locus and attached to euchro- 
matic regions reveal the extent of the heterochromatin belonging to the vari- 
ous limbs of the chromosomes, and confirm thereby the interpretation that 
the chromocenter is not an amorphous mass but a close approximation of 
heterochromatic portions of the component chromosomes. When proximal 
portions of the X and Y chromosomes are translocated to the limbs of auto- 
somes, nucleoli frequently appear in those regions, indicating thereby the 
existence in salivary gland nuclei of specific nucleolus-organizing regions in the 
sex chromosomes. 2) Occurrence of duplicated sections of chromosomes sug- 
gests that the duplicated chromosome had at least two chromatids at the 
time of its irradiation in the sperm. In one complex rearrangement both chro- 
matids of the duplicated section ha;d been broken at two loci, but a third 
break occurred at different loci in each of the two strands. 3) This evidence 
suggests that breakage is not an effect of a direct electron hit since sister 
strands may be broken simultaneously. The most complex configurations ana- 
lyzed, one revealing ten breaks and attachments of which five were in one 
chromosome limb, present serious difi&cullies for any simple explanation which 
regards overlapping of chromosomes as prerequisite to their breakage and 
rearrangement. 


Kimball, R. F., Johns Hopkins University, Baltimore, Md.: The determina- 
tion^ and inheritance of sex at endomixis in Paramecium aurelia, In the 

sexually differentiated race S of Paramecium aurelia an individual of either sex, 
after going through endomixis may give rise to progeny, all of one sex, or all of 
the other sex, or of both sexes. In the latter case, all the progeny of one product 
of the first fission after the climax of endomixis are of one sex, and all the 
progeny of the other product are of the other sex. Since the segregation of sex 
at the first fission is correlated with the segregation of the macronuclei at this 
same fission, it is concluded that sex determination in this organism involves 
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the differentiation and segregation of the macronucleus. In the progeny of 
different sets of endomictics, two different but simple ratios of the two sexes 
are found; namely i : i and 1:2. In some clones the ratio changes from one of 
these to the other after the clone has gone through vegetative reproduction 
and endomixis. When the sex ratio is i:i,J of the exendomictics give rise to 
progeny only of one sex; J to progeny of the other sex; and § to progeny of 
both sexes. When the sex ratio is i : 2, the ratio of these three classes is 1 14:4. 
Therefore the distribution of the two sexes to the two products of the first 
fission after the climax of endomixis is purely random. 

Landauer, Walter, Storrs Agricultural Experiment Station, Storrs, Conn.: 

A lethal mutation in Japanese Bantam fowl. The '^Standard of Perfection” 

requires that Japanese Bantam fowl shall have short lower thighs and very 
short shanks. It was found that individuals with short extremities, relative to 
the body, are heterozygous for a lethal mutation. Crosses (by artificial insemi- 
nation) between Creeper hens and a Japanese Bantam cock have demon- 
strated that the lethal mutation is the same in the two breeds. The percentage 
of lethal embryos which develop to late stages is much greater in matings of 
Japanese Bantams than in Creeper matings. Even in the cross of CreeperX 
Japanese Bantam about thirty percent of all homozygous embryos survived 
to late stages as compared with from three to eleven percent in Creeper 
matings. 

Lashin, Beatrice J., New York University, New York, N. Y,: Effect of 
temperature on the wings of dimorphos vestigial I pennant flies of Drosophila meh 

anogaster. The curves of the mean wing length for the dimorphos vestigial/ 

pennant males and females show an inverse response as the temperature in- 
creases from 16^ to 28®, and are similar in slopes and values to those previously 
reported for wild type and homozygous not-dimorphos pennant. The male 
curve for mean wing area duplicates that of the homozygous not-dimorphos 
pennant males in slope and value between 16° and 28°. The curve for dimor- 
phos vestigial/pennant female wing area is U-shaped and duplicates that of 
not-dimorphos vestigial/pennant females between 16° and 32°, but their wings 
are approximately double the area of those not-dimorphos vestigial/pennant. 
The male wings may be wild type but generally display minor nicks and 
notches. The female phenotypes are "antlered” and "strap” wing from 16° 
through 26^, with the highest frequency of "strap” at 22°. From 28® to 32° the 
wings are predominantly "nicked” or "notched.” From both the length and 
area curves and the changes in phenotype, 28° appears to be a critical tempera- 
ture for the dimorphos vestigial/pennant genotype, 

Lawson, Chester A., Wittenberg College, Springfield, 0 .: Order and time 
of embryonic differentiation in relation to order of determination in gamic female 

aphids. The order of differentiation in gamic female aphids is (i) ovarioles 

(2) hind tibiae (3) colleterial glands and seminal receptacle. Ovarioles are dif- 
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ferentiated about the 7th day of embryonic development, the hind tibiae 
about the loth day of embryonic development, the colleterial glands and semi- 
nal receptacle 2 or 3 days after birth (during 2nd instar). The order of determi- 
nation is (i) ovarioles (2) colleterial glands and seminal receptacle (3) hind 
tibiae, which does not correspond to the order of differentiation. Gamic char- 
acters develop on the hind tibiae after the last molt (8 days after birth). If 
this event is considered to be the actual differentiation of the gamic hind tibiae 
the order of differentiation would be the same as the order of determination. 
On this assumption differentiation occurs at least 8 days after determination, 
as hind tibiae are determined before birth. Colleterial glands and seminal re- 
ceptacle are likewise determined before birth, but do not appear until 2 or 3 
days after birth, which supports the possibility of a delay in differentiation 
of hind tibiae. The time of differentiation varies, presumably as a consequence 
of some maternal influence. 


Lebedefp, G. a., Cornell University, Ithaca, N. Y.: The nature of inter- 

sexuality in Drosophila virilis, Genetical, morphological, cytological, and 

embryological (gonads only) studies of intersexes (Lebedepe, Proc. Nat. Aca. 
Sci. 1934) indicate that they start to develop as females. However, those 
sexual organs whose imaginal discs are laid down after the occurrence of the 
"turning point” develop into male organs. Thus the time of reversal deter- 
mines the degree of intersexuality, as in the cases of Lymantria and Z>. melano- 
gaster intersexes. Yet D, virilis intersexes differ morphologically from the 
others by being essentially hermaphrodites because of the peculiarity in the 
development of those organs whose imaginal discs had not become fully dif- 
ferentiated at the time of reversal. Such organs, with the exception of a few 
secondary ones which are transformed into corresponding male organs, con- 
tinue to develop as female organs. But along with them, male organs appear, 
presumably from fresh outpushings from the imaginal discs. The two systems, 
the original female and the additional male, develop side by side resulting in 
hermaphrodites. The development of gonads is somewhat different. After the 
occurrence of the "turning point,” female germinal cells in the ovaries of inter- 
sexes are gradually transformed into male-like ones. The ovary itself is not 
transformed into a testis, except in very early reversals, but it buds out a 
testis-like organ, to which migrate some of the oocytes now transformed into 
spermatocytes. The two organs are attached to each other. 


Lindstrom, E. W., Iowa State College, Ames, la.: Maternal influence in the 

heredity of tillering in maize. In certain reciprocal, single crosses between 

tillered and single-stalked inbred lines of dent corn, a significant maternal 
influence on tillering was evident in each of three years. The higher percentage 
of tillering (10, 14 and 26 percent in the three years) occurred when the female 
parent of the crosses was the tillered strain. Recripocal backcrosses of such 
Fi plants to both the single-stalked and the tillered parental lines gave differ- 
ences of 12 and 18 percent in the same direction. In these backcrosses, degrees 
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of tillering within the tillered cl 3 ,ss 3 ,lso gave evidence of the greater maternal 
effect. In the reciprocal backcrosses, any direct effect of seed or embryo size 
on tillering was ruled out by the fact that in one backcross the tillered mother 
plants (Fi) had the larger seeds and embryos, whereas in the other reciprocal 
backcioss the tillered female was the parental inbred strain with smaller seeds 
and embryos. Apparently tillering primordia of the embryo develop under 
some influence of the mother plant. The inheritance of tillering is multigenic 
in nature, complicated not only by climatic and nutritional agencies, but also 
by this maternal effect. 

Loehwing, W. F., University of Iowa, Iowa City, la.: The photoperiod as a 

factor in sex organ inception in flowers. When stem apices of certain short 

day plants such as hemp are exposed to an 8 hour photoperiod, inception of 
stamens is initiated but not of pistils. When terminal leaves are given short 
photoperiods, pistillate flowers are initiated both in high and low light inten- 
sity even when the latter is below the photosynthetic threshold. Defoliation 
and complete darkening of leaves, but with stems illuminated, produce similar 
responses on pistil formation, suggesting that the leaf is the perceptive locus 

rather than primarily the seat of requisite food for the response. Metabolic 

changes in the staminate loci precede and are different from those occurring 
in the regions of pistil formation under short day conditions. Respiration, 
sugars, oxidase, phosphatase and diastase action are higher in stamen loci 
while pistil loci are marked by an increase in reducase, and amino-N. High 
nitrogen cultures of hemp produce only females, and nitrogen-deficient cul- 
tures only males. These responses suggest that loci high carbohydrate (and 
low nitrogen) favor stamen and high nitrogen pistil formation in flowers. The 
nutritional readjustments follow perception of short photoperiods by different 
organs of the plant. 

Love, R. Merton, Dominion Experimental Farms System, Ottawa, Can- 
ada: A cytogenetic study of white chaf ofl-types occurring spontaneously in Daw- 
son^s Golden Chafl winter wheat. Spikes of normal, heterozygous (indistin- 

guishable from normal) , and homozygous white chaff plants are shown, as well 
as photomicrographs of meiotic chromosome complements of the three geno- 
types. Normal Dawson's has 21 bivalents, all chromosomes having median or 
sub-median centromeres. The heterozygote gives a monofactorial ratio and is 
characterized by a heteromorphic bivalent, one chromosome of which has a 
terminal centromere due to the loss of the shorter arm. White chaff plants are 
homozygous for the deficiency. Genes for glume length are linked with those 
for glume colour since the white chaff plants have longer glumes than the 

normal. Evidence from another line which included a 41-chromosome 

plant with a duplication on the univalent indicates how such a deficiency can 
arise. Pairing of the duplicated segments of the univalent resulted in chromo- 
some breaks at first atiaphase, usually in the region of the centromere. This 
plant gave rise to a 42-chromosome plant with a heteromorphic bivalent simi- 
lar to that described above. 



1^8 ABSTRACTS 

MacArthitr, John W., University of Toronto, Toronto, Canada..; Geuctics 
of multiple births. Twins, triplets, quadruplets and quintuplets offer favor- 

able material for a comparative study. The trends through the multiple birth 
series with regard to the sex distribution in the sets, the age and parity of the 
mothers, and the incidence of further multiple births throw some light on 
several genetic problems, particularly the nature of the inheritance of the 
proclivity to produce multiple births. 


MacKnight, R. H., California Institute of Technology, Pasadena, Cal.: 

Cytology of Drosophila miranda. There is present in the salivary gland 

nucleus of the male of Drosophila miranda a chromosomal element consisting 
of a number of short euchromatic segments, most of which are attached at 
both ends to the chromocenter. Since this element occurs in males but not in 
females, it rep resents, the Y chromosome or a part thereof. Most of its euchro- 
matic material is thought to be homologous to the third chromosome of Dro- 
sophila pseudoobscura. 


Marshak, Alfred, New England Deaconess Hospital, Boston, Mass.: 

Alteration of sensitivity of chromosomes to X-rays. Chromosomes in mitosis 

are most sensitive to X-rays at the onset of the prophase when their chromo- 
nemata divide. The time interval from this stage of maximum sensitivity to 
anaphase is the same (2.5-3 .o hours) for all organisms studied. The sensitivity 
of chromosomes may be expressed by the equation where Y is the 

percent normal anaphases and k the slope of the survival curve, k varies with 
the species used, its magnitude being directly proportional to the lengths 1 of 
the chromonemata. This relationship holds for all the tissues which have been 
investigated thus far: the mouse sarcoma CR180, rat carcinoma Walker 256, 
root tips of the broad bean, pea, onion, and tomato, which represent a wide 
range of values of 1 . From 1 and k the diameter d of the X-ray sensitive 
portion of the chromonema may be calculated. In the three organisms where 
these have been determined the value of d is 10-20 Xxo**"® cm. This would 
correspond with the average separation of polypeptide chains as obtained 
from X-ray diffraction studies of proteins^ or with the approximate short 
diameter of a protamine or histone. One would expect from this value and 
from work on the precipitation of proteins by X-rays that the reactive chromo- 
somal material carries a net positive charge. To test this hypothesis further 
seedlings of two species treated with different concentrations of CO2 and 
NH4OH were irradiated and the frequency of chromosome abnormalities 
determined. The results show that CO2 has no effect while NH4OH inhibits 
the chromosome-breaking action of the X-rays, which is taken as evidence in 
support of the hypothesis. After treatment with a solution of .008 N NH4OH 
the X-ray effects differ from those of the controls by a factor of more than 
three* This difference decreases with decreasing concentrations of ammonia. 



ABSTRACTS 

McClintock, Barbara, University of Missouri, Columbia, Mo.: A method 

Jot detectifig potential mutotiofis of o specific chromosomol tegion, Plants 

having two deficient chromosomes-s (the deficiency included the locus of 
Bwi, allele of hni^ brown mid-rib, producing a brown color in the lignified 
cell walls) and a small ring-shaped fragment covering the deficiency and carry- 
ing Bmi are mosaics of heterozygous and homozygous deficient tissues through 
frequent losses of the ring fragment during somatic mitoses. This homozygous 
deficient tissue is (i) much reduced in growth capacity, (2) contains no chloro- 
plasts, (3) has the characteristics of hm\ in its cell walls and (4) dries on expo- 
sure to sunlight. Relatively infrequently, during somatic mitoses, the ring 
chromosome increases or decreases in size through duplications or deficiencies 
of segments of chromatin composing the ring. Duplicated segments produce 
no obvious tissue modifications. If removal of specific regions from the ring 
results in homozygous deficient tissues having specific modifications, several 
types of mutant sectorials, depending upon the region removed, should be 
repeatedly encountered in large populations of such plants. The following 
types of ^^simple” mutant sectorials have been found: (i) transparent white 
with colorless cell walls, no plastids; (2) opaque white with colorless plastids, 
colorless cell walls; (3) deficiency-^w, similar in detail to normal Im; (4) pink 
colored tissue with colorless cell walls, colorless plastids; (5) blotched chloro- 
phyll pattern, colorless cell walls. The following types of ^‘compound” mutant 
sectorials have been found: (i) pink, deficiency-6w, viable in sunlight; (2) 
pink, deficiency-6m, dries in sunlight; (3) opaque white, deficiency-6w; (4) 
blotch, deficiency-6w, dries in sunlight; (5) blotch, dries in sunlight. On the 
theory that compound mutant sectorials are the product of losses of several 
adjacent regions of chromatin, the simple mutant effects are referred to the 
chromosome in the following order: pink, deficiency-^w, dries in sunlight and 
blotch, with translucent white removed from deficiency- 5 w and opaque white 
close to it. Since a homozygous deficiency for the Bm\ locus produces the same 
effect as the known gene it is possible that these other mutants may even- 
tually appear as ‘^genes” closely linked to hmi. 


Metz, C. W., Carnegie Institution of Washington, Baltimore, Md.: Struc- 
ture of the ^^puffed^^ regions in giant salivary gland chromosomes in Sciara* 

In the giant chromosomes of Sciara ocellaris Comst. certain particular regions 
sometimes appear greatly expanded or ‘^puffed.” These possess several fea- 
tures of special interest. When not ‘^puffed” they exhibit the characteristic 
banded structure of other regions. When greatly ^^puffed” they appear almost 
uniformly granular with a structure resembling that of the cytoplasm (in 
fixed preparations). Intermediate degrees of ^^puffing” show the bands or 
discs in various stages of disruption. In the puffed condition a region is appar- 
ently as long as in the non-puffed condition, indicating that it contains much 
more material. The extra material is apparently all achromatic, in the form 
of small droplets. The chromatin is apparently not increased in amount, but 
there appear to be many more granules. No evidence of chromonemata has 
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been detected. The material in these puffed regions may be comparable 

to that of the ^^chromocenter” in Drosophila. If so, the present evidence sup- 
ports the view of Schultz, Bauer and others that the chromocenter is not 
inert, and also the conclusion of Prokofyeva-Belgovskaya that its funda- 
mental organization is like that of other regions of the chromosomes. 

Studies on these chromosomes also raise a question as to the significance of 
the distinction frequently made between ^^heterochromatin’^ and “euchro- 
matin/’ In Sciara there appear to be many structures intermediate between 
those typical of these two categories, and some structures are apparently 
capable of changing from the one condition into the other. 

Mickey, George H., University of Texas, Austin, Tex.: Efect of tempera- 
ture on frequency of translocations produced by X-rays. A reduction of tem- 

perature to 4°C during X-radiation of Drosophila melanogaster produced an 
increase in the rate of translocations to almost double the percentage ob- 
tained by irradiation at room temperature. Using the frequency of transloca- 
tions between the second and third chromosomes as a criterion, the effective- 
ness of X-radiation at different temperatures was tested by treating two groups 
of wild type males simultaneously (thereby absolutely controlling the dosage) : 
the one at room temperature, which varied from 28°C to 33°C; the other at a 
temperature of 4±i®C. Thus the minimum difference amounted to 23^0 and 
the maximum, 3o®C. One experiment yielded 4.91 percent translocations of the 
second to third chromosomes out of 1221 F2 cultures whose Pi males were 
X-rayed at 4°C, and 2.57 percent among 1553 F2 cultures from Pi males 
irradiated at the higher temperature. A rate of 4.32 percent translocations 
was obtained at 4°C in a second experiment involving 1636 F2 cultures; while 
2.6 percent was produced at room temperature out of 1693 cultures. A simi- 
lar acceleration of rate was exhibited in the translocations between the X 
chromosome and second, and between the X and third chromosomes. 


Muller, H. J., and Raffel, Daniel, Academy of Sciences of U.S.S.R., 
Moscow, U.S.S.R.: The manifestation of the position effect in three inMrsions at 

the scute locus. Muller and Prokofyeva (1935), demonstrated that the 

'^mutations” at the scute locus produced by X-radiation are often due to the 
altered position of the genes in the chromosome and not to changes in the 
scute gene and showed that the inversions associated with scS sc^», and sc^^ 
have their breaks at the same points or at least that there are no genes neces- 
sary for the life of the flies between the breaks of these inversions. The effects 
of these inversions and combinations of the ends of the different ones with 
each other in stocks isogenic for all II and III chromosome genes and for all 
X chromosome genes between w and car are shown in the demonstration. The 
differences found between them are due either to a gene not otherwise demon- 
strable which inay lie between the left break of sd^ and the other two breaks 
or else to the differences in the right breaks that have already been demon- 
strated. 
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Muller, H. J., Prokoeyeva-Belgovskaya, A. A., and Raeeel, D., Insti- 
tute of Genetics of the Academy of Sciences of the U.S.S.R., Moscow, U.ks.R. : 
The absence of transmissible chromosome fragments resulting from simple 
breakage y and their simulation as a result of compound breakage inwlning chro- 
mocentral regions, Fourteen scute changes produced by irradiation of struc- 

turally normal X chromosomes included no losses of entire distal end. Con- 
sidering the chromosome fragmentation reported by cytologists following irra- 
diation, this indicates inconvertibility of ordinary interstitial into terminal 
genes by chromosome breakage. However, Levit’s irradiation experiments 
(1931) on scute-8 apparently produced many distal-end losses by breakage of 
the interstitial chromocentral region adjoining achaete. The same phenomenon 
occurs spontaneously comparatively often. Salivary study shows these 
"broken” scute-8 chromosomes still contain the distal end in situ, though 
often giving evidence of minute rearrangement near achaete. Thus chromo- 
central and adjoining regions are especially predisposed not merely to break- 
age (without restitution) but also to compound breakage with minute rear- 
rangement (deletion, inversion). Similarly, gross deletions and inversions of 
normal X chromosomes, having two distant breaks including one in proximal 
chromocentral region, commonly contain an additional chromocentral break 
nearby, with resultant rearrangement of bobbed with respect to block-A. It 
seems probable that the few reported single-break deficiencies, inversions, and 
translocations of normal chromosomes involve second breaks in the terminal 
chromocentral regions recently found by the second author. 

Nabours, Robert K., and MacQueen, Nelle R., Kan. Agric. Expt. 

Sta., Manhattan, Kan.: Wing and pronotum length in grouse locusts, 

Dimorphism in wing length, with corresponding length of pronotum, is com- 
mon among the grouse locusts (Sub-fam. Tetriginae). In several species {Para- 
tettix texanuSj Apotettix eurycephalus, et al.) the offspring which mature in 
seasons favoring rapid growth (spring and early summer) show marked pre- 
ponderance of the long- winged phase; while short- winged individuals predomi- 
nate in fall and winter, when growth is slow. These phases are not dependent 

upon the wing length of the parents. (Previously published.) Although 

the same apparent dimorphism exists in the species Tettigidea lateralis Scud., 
the long- winged is recessive, and breeds true consistently, regardless of the 
season or other features of the environment. Heterozygotes bred with reces- 
sives produced 1238 short-winged to 1116 long- winged. Heterozygous pair- 
ings, however, gave 548 short- winged to 259 long-winged, approximately a 
2 : 1 ratio. These ratios indicate (i) that a lethal may be linked with short- 

winged; and (2) that dimorphism in T, lateralis is due to one or more factors 
quite different from those operating in several other species of the Tetriginae. 

V^^BEL, B. R., and Ruttle, M. L., New York State Agricultural E:periment 

Station, Geneva, N, Y. : Action of colchicine on mitosis, The action of the 

alkaloid colchicine on mitosis was studied in the following material: stamen 
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hairs of Tradescantia, roots and shoots of Pea, Tomato, Tagetes, Antirrhinum, 
Trifolium, Papaver, Dianthus, Solanum and Lilium— testes of Podisma, eggs 
of Asterias and Arbacia. The active concentrations of cotehicine are, in all 
tissues investigated, similar if not identical: sXio "“4 5X10“-® will stop mito- 
sis during metaphase. In concentrations 5X10"“® to binucleate cells may 
be produced and divisions may be irregular. Colchicine is a more specific chro- 
matin poison than phenyl-amyl-propyl, ethyl methane or chloral hydrate. 
With the Arbacia egg it was found that with colchicine Xs cleavage and 
astral rays no longer appear. The spindle is reduced in size and chromosomes 
are slowed in metaphase. The rhythm of nuclear division may persist so that 
when controls are in third cleavage metaphase, eggs to which colchicine was 
added 10 minutes after fertilization will also show approximately 4 groups of 
chromatin, but the plates are hypoploid often containing only i to 6 separate 
chromosomes (an = 36) which may represent fused units. The micronuclei 
which form are not far apart from one another and their resting stage is rela- 
tively short. Colchicine deserves further study as an agent which may induce 
polyploidy and mutations. It may be used as a tool in chromosome counting 
and may prove useful in studying secondary pairing and other interchromo- 
somal relationships. 

Oliver, C. P., University of Minnesota, Minneapolis, Minn.: A chromoso- 
mal unbalance in Drosophila melanogaster which imitates the gene facet- In 

a translocation marked with Dichaete, an inner fragment of III (sr-e) is in- 
serted near ec in X. Males with a duplication of the fragment have many 

characteristics of facet, and with Notch behave like facet-Notch. Duplica- 

tion males have eyes roughish, between /(z and +, wings slightly spread and 
occasionally nicked, heavy body pigment, weak crossveins and coarse, occa- 
sionally doubled bristles. Duplication females usually lack the rough eyes and 
nicked wings. Heterozygous Notch-duplication females have eyes smoother 
than Notch-facet, but wings more widely spread, more extremely notched, 

narrower and shorter. Crossing over is decreased fully sixty percent in the 

sc-ec KXid ec-ct regions. In earlier crossover counts with Tx-3D/old-xpIe MC3X, 
three ec ct D occurred among 1209 offspring, indicating that the insertion is 
left of ec. All other types fit this interpretation. Among 444, using T(2“-3, 
Cy C3X), one ec ct D and one ct v g Cy appeared. The latter will not fit the 
interpretation, unless it is a duplication. All others do fit. In recent tests (1694 
total) using Xple without C3X, two sc ec D males appeared; both died without 
offspring. Either they were third chromosome crossovers, or they indicate 
that the insertion may be right of ec; and cytologically the insertion apparently 

is between 4F2 and 4F3 (Grieein). The duplication of III may cause the 

morphological changes. Preferably, with the insertion something else occurred 
in the region near fa. This may have been a deletion so that males with the 
duplication of III lack something of fa. 

Patterson, J. T., Stone, W. S., and Suche, Meta, University of Texas, 
Austin, Tex.: Aneuploidy of the second and third chromosomes of Drosophila 
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melanogaster. By means of nine II~IV, and nineteen III-IV translocations, 

hyperploids were obtained for nine regions in chromosome II and thirteen in 
III, covering the entire chromosome in both cases with the exception of one 
untested section in each chromosome, and an additional region in IIIR for 
which no aneuploids were recovered. Additional hyperploids were obtained 
for five shorter and one longer section in III. Hypoploids were obtained for 
one region in II and twelve regions in III, the sections in III being relatively 
shorter. The frequency of recovered aneuploids varied. Hyperploids were usu- 
ally more frequent than hypoploids for the same region. Phenotypically both 
types of aneuploids were in many cases nearly normal. Hyperploid variations 
included wings slightly to widely spread, curved downward, or raised; en- 
larged wing ceils; eyes rough, body shorter, broader. Hypoploids in some cases 
showed greater variation from normal in coarser wing texture, darker body 
color, disarranged facets, fewer bristles, or shortened legs and antennae. 
Genitalia were usually normal, rarely rotated. Tests of aneuploids showed a 
wide range of viability and fertility, at times equal to normal, usually less. 
Hypoploids were generally less viable and fertile than hyperploids. With two 
exceptions males proved more viable and fertile than the corresponding aneu- 
ploid females. The greater tolerance of autosomal aneuploidy by males as 
compared to females is the reverse of the X chromosome condition. 


Plough, H. H., and Child, G. P,, Amherst College, Amherst, Auto- 
somal lethal mutation frequencies in Drosophila melanogaster , By an extension 

of the Cy/Pm and SbC/2C Dfd method for detecting lethals in the second and 
third chromosomes of D, melanogaster, the frequency of lethal mutations per 
generation was obtained. The determinations were made at constant tempera- 
ture for a number of successive generations, and after a number of generations 
during which an accumulation of lethals was allowed to occur. The results 
show that there is an appreciable rate of mutation under constant environ- 
mental conditions, the rate being slightly higher in the third than in the second 
chromosome. 


^.^OADES, M. M., U. S. Department of Agriculture, Washington, D. C.: 
"^fnthe origin of a secondary trisome through the Doubling of a half-chromosome 

fragment. Maize plants hy{)erploid for a chromosome fragment, consisting 

of the entire short arm of chromosome V and possessing a term in al spindle fiber 
attachment region, occasionally produce an aberrant t3q)e. These offtype 
plants are secondary trisomes in which the extra chromosome consists of two 
short arms of chromosome V so joined as to have a median attachment region. 
Genetic data show that the fragment chromosome is involved in the formation 
of these secondary trisomes. When plants hyperploid for the fragment were 
used as the male parent there were 47 secondary trisomes among 11,293 indi- 
viduals (0.42 percent). Fragment plants used as the egg parent gave 7 second- 
ary trisomes in 3253 plants (0.22 percent). The percentage of the offspring 
hyperploid for the fragment chromosome is 30.3 when hyperploid plants are 
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used as the female and only 0.40 percent when used as the male. This differ- 
ence results from the inability of pollen hyperploid for the fragment to com- 
pete successfully with haploid pollen while there is no selection on the female 
side. However, the percentage of secondary trisomes is as great, at least, 
through the pollen as through the eggs. But the functional pollen from sec- 
ondary trisomes consists entirely of haploid grains indicating that pollen 
hyperploid for the '^secondary’’ chromosome rarely, if ever, functions. As an 
explanation of the occurrence of secondaries through the pollen it is suggested 
that occasionally in the development of those gametophytes hyperploid for 
the half-chromosome fragment, the '^secondary” chromosome is produced by 
a doubling of the half-chromosome fragment. Reduction takes place in the 
succeeding anaphase. One pole receives no fragment chromosome while the. 
other receives both fragments which have become incorporated into a single 
chromosome with a median attachment region. If, in the first post-meiotic 
division of the male gametophyte, the tube nucleus becomes haploid by reduc- 
tion following the formation of the “secondary” chromosome, the growth of 
the pollen tube presumably would be normal but the sperm would carry the 
secondary chromosome. 

Riley, Herbert Parres, Newcomb College, Tulane University, New Or- 
leans, La.: Interlocked bivalents as a cause of polyploid pollen grains. — A plant 
morphologically like Tradescantia paludosa was found in a colony of plants 
which were chiefly tetraploid hybrids showing characters of any two or three 
of the species, T. paludosa, T. canaliculata and T. hirsutiflora. This plant was 
a diploid but produced a small percent of sn pollen grains. Almost all the cells 
in the metaphase of the first meiotic division had six pairs of chromosomes, but 
about two percent had four pairs and a ring of four. Twenty-seven percent 
of the cells had interlocked bivalents. The chiasma frequency was 2.00 per 
bivalent for cells with interlocked bivalents and 1.97 for the other cells. No 
univalents were found in any cells. At anaphase, over twelve percent of the 
cells showed a 5-7 distribution of the chromosomes and about six percent 
showed lagging or “fused” chromatids similar to those which have been pro- 
duced by temperature changes. At the microspore division, from ten to fifteen 
percent of the cells in metaphase or anaphase had twelve chromosomes instead 
of the normal six; over eight percent of cells in all stages of the microspore divi- 
sion were roughly twice the normal size. Pollen fertility was high (about 95 
percent) and about ten percent of the mature pollen grains were giants. Ap- 
parently the plant is a remote hybrid and the interlocked bivalents are prob- 
ably due to a small segmental interchange. Some of the interlocked bivalents 
separate producing no further abnormality, but some fail to pull apart and 
produce non-disjunction or lagging chromosomes. The lagging suppresses 
cytokinesis and this results in tetraploid pollen grains. 

Russell, Elizabeth Shull, Jackson Memorial Laboratory, Bar Harbor, 

Me. : A quantitative study of genic effects on guinea-pig coat color. In order 

to measure dominance relations in the coat color factors of the guinea-pig, and 
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the effects of each gene replacement in different genetic backgrounds, deter- 
minations have been made of the amount of pigment in the hair of various 
genotypes. Colorimetric comparisons of alkaline solutions of the pigment 
were used to determine the relative concentrations in various yellow types. In 
sepias, the pigment was isolated by the Einsele technique and its amount 
determined by weighing or oxidizing with potassium permanganate. Studies 
have been made of the effects of the albino series, C, c*, <;»*, affecting the 

intensity of all colors; E, <?, determining the difference between sepias and 
yellows; P, determining the difference between intense and pale sepias; 
and P, 6, determining the difference between black and brown. The results 
for the albino series of alleles indicate that in sepias, pale sepias, and yellows, 
the homozygotes of the lower active alleles produce approximately twice as 
much pigment as their heterozygotes with the inactive gene or genes, while the 
highest allele appears to be completely dominant. This suggests that in some 
reaction between gene and character the gene product is in defect in relation 
to the substrate with the lower alleles and in excess with the highest member of 
the albino series. 

Satina, S., Blakeslee, A. F., and Avery, A. G., Carnegie Institution of 
Washington, Cold Spring Harbor, N. Y.: Chromosome behavior in triploid 

Datura stramonium. HI. The seed. Female gametes contain nuclei with 

all possible numbers of chromosomes between in and 2n. Each ovary has sev- 
eral hundred ovules but in 3nX2n crosses less than one quarter become fer- 
tilized. Fertilization, however, takes place regardless of the number of chromo- 
somes in the gametes, although no offspring with more than 27 chromosomes 
have been identified in Datura. The size of the fertilized ovules and the speed 
of development vary considerably. A large number of fertilized ovules disinte- 
grate soon after fertilization or later; others stop development at rather ad- 
vanced stages. This explains the small number of good seeds and the presence 
of defective seeds in capsules. One thousand seeds from 15 capsules were 
measured and seed-coats removed. The size varied from i. 7-4.9 mm; 388 seeds 
were good, 120 defective and 492 consisted of seed coat only. Character of 
seeds was unrelated to size. From the 436 seeds sown, 399 germinated within 
3 to 163 days, 114 seedlings and older plants died chiefly because of poor 
viability. The remaining 285 offspring consisted of 58“ 2n, i37’~2n+i, 
80— 2n+i+i and io~2n+i + i + i plants. A relation exists between the size 
of seeds and the chromosome which is extra: zn+i-z, 2n+i3*i4 and 2n+ 
15-16 plants develop from small seeds; 2n+23-24 plants from large seeds. 
Forty-six seeds had delayed germination of more than 100 days. In all these 
cases (except 4) the 3 ■ 4, 13 • 14 or 15 ■ 16 chromosomes was present as an extra. 
Apparently the i • 2 and 21-22 chromosomes speed up germination in combina- 
tions with other extra chromosomes, 

Sawin, P. B., Wheeler, K, M., Stuart, C. A., and Grieein, A. M., Brown 
University, Providence, R. I.: Inheritance of normal agglutinins for Human 
erythrocytes in rabbit serums. Serums of domestic rabbits may be classified 
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according to their natural ability or inability to agglutinate human erythro- 
cytes of groups 0 , A and B. Many serums possess antibodies for more than one 
cell type and the specificity of each may be determined by adsorption tests. 
The presence of normal specific alpha agglutinins (for A cells) is inherited as 
a Mendelian recessive. All of the 77 animals in family I possessed these agglu- 
tinins. Among 350 individuals of seven other unrelated families only 13 1 or 
37.4 percent possessed the antibody. From matings within these seven fami- 
lies, typical F2 and backcross ratios of negative (lacking alpha agglutinins) to 
alpha were obtained. Crosses between heterozygous males of negative families 
and family I produced 19 Fi, 12 of which had alpha agglutinins. A similar 
disproportion occurs in the backcross of the negative Fi to family I rabbits, 
suggesting a possible genetic duplication of the alpha gene in certain of these 
families. Extracted alpha parents breed true. The age at which normal alpha 
agglutinins are actively produced varies from 2 to 4 months. Tests of newborn 
young of the several possible genetic derivations show that with few excep- 
tions, alpha agglutinins are absent at birth in the progeny of negative mothers, 
but occur in 50 or 100 percent of the young from alpha mothers according to 
the heterozygosity or homozygosity of the father for the alpha character. The 
ability to produce high titering immune alpha agglutinins depends on the 
presence of the normal alpha agglutinin. 

Shrigley, E. W., University of Wisconsin, Madison, Wis.: Qualitative and 
quantitative differences in the morphology of spermatozoa from members of two 

dove species, and from their Fi and backcross hybrids. Ring doves and 

Pearlnecks as well as their Fi and backcross hybrids have been examined for 
the presence of normal and abnormal spermatozoa. Observations were made 
on "living” and fixed material from the vasa deferentia, and on fixed smears 
and paraffin sections of the testes. It was possible to classify the morphological 
variations of the heads of the gametes into the following six groups: (a) normal 
appearing sperm, (b) spermatozoa whose heads were associated with varying 
amounts of cytoplasm, (c) cells possessing branched heads, (d) giant-headed 
sperm, (e) atypically stained heads, and (f) heads of gametes possessing bul- 
bous swellings. Attempts failed to produce anomalies in the sperm head com- 
parable to any described, with the exception of the atypical staining reaction. 
There was an indication that the bulbous and branching abnormalities became 

manifest in the early stages of spermiogenesis. Each of the four bird 

populations was found to possess all six classes of sperm and to vary with re- 
spect to one another in the quantity of these classes. Variations in the per- 
centages of normal and abnormal sperm among the various bird groups sug^ 
gested a possible genetic influence. The Fi hybrids possessed the highest 
proportion of abnormalities, and the backcross hybrids, as a group, resembled 
the parent species, but showed extensive individual variability. Further, there 
was an indication among the backcross birds that the proportion of sperm 
abnormalities was associated with the degree of serological relationship to the 
Fi hybrids. 
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Shull, A. Franklin, University of Michigan, Ann Arbor, Mich.: Time of 
determination and time of differentiation of aphid wings, The time of de- 

termination of wings in aphids has been known. Since the early stages of 
wing development consist of thickenings of the hypodermis in four definite 
areas, the time of differentiation can be rather accurately decided. Whether 
an aphid is to be winged or wingless can be known almost with certainty from 
the treatment (light and temperature) it has received. Embryos shortly before 
birth, and the first instar, have the wing rudiments in characteristic position 
even if they are destined to be wingless; but they are thinner and grow less 
laterally than do those of winged individuals. The additional thickening and 
the tangential growth which marks future wings starts shortly before birth. 
The first signs of such development are found in embryos which have already 
started to form red pigment in the eyes. From the number of red-eyed embryos 
in a female, and the birth rate of her offspring, it is concluded that pigment for- 
mation starts about 26 hours before birth, on the average. Wing buds therefore 
start their definitive thickening perhaps 22 to 24 hours before birth. This is 
only a few hours after the determination of wings, as ascertained from earlier 
experiments. 


Smith, E. Lucile, and Robertson, W. R. B., State University of Iowa, 

Iowa City, la.: ^ new mutant eye color in Drosophila melanogaster, From 

one of the Fi inter se matings of the controls in an X-ray experiment being 
carried out on a wild type stock secured from Morgan, two offspring had 
dark eyes and fourteen had normal eyes. The character bred true. The eye 
color changes from pinkish buff in the one- day-old to dark red brown in the 
week-old fly, at which time it is distinctly darker than hw. It has, provision- 
ally, been called brown-b. In matings of Star/Curly with brown-b Fi Star 
males or females to brown-b females or males indicated independent assort- 
ment. The same was found in crosses of brown-b with Bristle vestigial-Depi- 
late. In matings of brown-b with Lyra/Dichaete both Lyra and Dichaete 
Fi males gave no recombinations when backcrossed to brown-b, but Fi Lyra 
and Dichaete females gave among 11,298 offspring 5030 crossovers, 44.52 
percent, which (with the correction from recombination curve) located brown- 
b on the 3rd chromosome at 97.0. In crosses with StubbIe/C3Z3a Fi females 
gave among 9255 flies 3643 crossovers, or 39.36 percent, which with the cor- 
rection located brown-b at 100.36. In a similar cross with Hairless Minute 
-w/C3eZ Fi Hairless Minute-w females by brown-b males gave among 9555 
offspring 2314 (24.22 percent) crossovers between Minute-w and brown-b 
and 2975 (31.14 percent and counting visible double crossovers twice) cross- 
overs between Hairless and brown-b; thus locating brown-b at 104.22 with 
reference to Minute-w and at 101.34 with reference to Hairless. Further mat- 
ings are needed for accurate location. In crosses of brown-b to brown (bw) 
Fi have wild-t3rpe eyes. In F2 the double recessive has permanently very light 
buff eyes. 
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Smith, Luther, University of Missouri, Columbia, Mo.: Cytogenetic studies 

in Tfiticum monococcum, (A) Genetic factors for sterility. Nineteen cases 

of sterility resulting from X-ray treatments have been found, eleven of which 
are associated with abnormalities of the meiotic process in PMC. These eleven, 
which apparently are inherited as simple recessives, belong to the following 
five types: (a) No bivalents are present at diakinesis and IM. (b) A variable 
number of bivalents are present at diakinesis and IM. (c) The chromosomes 
break up into numerous fragments at lA, but macrosporogenesis is presum- 
ably normal, since these plants produce many seeds when pollinated with 
normal pollen, (d) Diakinesis and IM chromosomes are shorter than normal, 
and univalents are commonly present, (e) Frequent dyad formation occurs, 
resulting in diploid microspores and numerous tetraploid offspring. The other 
eight cases include three in which the anthers abort, before or shortly after 
meiosis; four in which meiosis is normal but the mature pollen is devoid of 

starch; and one in which the contents of the microspores are aberrant. 

(B) Meiotic rings. Plants with rings of four chromosomes have about 6 per- 
cent; those with rings of six about 27 percent; and two rings of four about 22 
percent reduction in seed set. Pollen abortion in these three types is corre- 
spondingly low, although segregation of the chromosomes in PMC appears 

not to be directed. (C) Chromosomal variants. Three types have been 

studied: (a) Haploids. (b) Triploids. (c) Trisomics, obtained from plants with 

irregular meiotic behavior or with a ring of six. (D) Linkage studies. Five 

linkages involving 10 genes for seedling and mature plant characters have 
been found. 

SoNNEBORN, T. M., Johns Hopkins University, Baltimore, Md.: Sex he- 
havior, sex determination^ and the inheritance of sex in fission and conjugation 

in Paramecium aurelia, As already reported for race S of Paramecium 

aurelia, the individuals of another race, R, are also sexually differentiated. In 
both races, all the descendants of a single individual (in the absence of endo- 
mixis and conjugation) are of the same sex as the progenitor. When cultures of 
different sex are brought together, the animals unite at once for conjugation 
in agglutination-like clusters; this will be shown. In both races sex is inherited 
at conjugation in simple ratios: either i : i or 1:2. When the ratio is i : i, J of 
the exconjugants produce descendants of one sex only, J produce the other sex 
only, and | give rise at the first fission to one individual with progeny of one 
sex only and one individual with progeny of the other sex only. When the sex 
ratio is 1:2, these three classes of exconjugants appear in the ratio 1:4:4. 
Sex of the individual is not determined by the micronucleus as amicronucleate 
races are also sexually differentiated. That sex is determined by the macro- 
nucleus is shown (a) by the segregation of sex at the first fission after conjuga- 
tion, when the two new independently formed macronuclei are segregated; 
and (b) by its occasional segregation at the second fission in race R, in which 
3 or 4 instead of 2 macronuclei are sometimes formed in the exconjugant. In 
race R, there arise occasionally lines in which the individuals can mate among 
themselves, though they are genetically of the same sex, as shown by tests on 
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split pairs. The sex ratios from such matings are the same as in matings be^ 
tween the two sexes, showing that the sex factors segregate at the third matu- 
ration division. 

SoNNENBLiCK, B. P., New York University, New York, N. Y.: X-radiation 
of the mature gametes of Drosophila melanogaster : Cytologic abnormalities and 

egg mortality. When adult flies of either sex of a vigorous Oregon-E. race 

are irradiated and then mated with untreated virgins, a high percentage of the 
deposited eggs do not hatch as larvae. Dosages ranging from 2300 r units to 
5000 r units were employed and counts of the zygote mortality taken at each 
dosage. More than five hundred cytological preparations of these eggs in 
stages from first cleavage to shortly before hatching have been prepared, as 
have a set of control preparations. Distorted mitotic divisions with chro- 

mosomes and chromosome fragments lying free in the cytoplasm have been 
found, as have frequent poly astral configurations wdth the chromosomes ad- 
vancing to the three or four poles as the case may be. Vacuolization of the 
cytoplasm and swollen nuclei have been seen. Clumping of the chromosomes 
is a characteristic phenomenon; a mechanism to account for the clumping is 
offered. A number of eggs have gone on to form syncytial, undifferentiated 
masses, whereas control eggs of similar age have become highly differentiated. 
Thus, nuclei containing treated chromatin may divide actively, but the eggs 

containing them occasionally will not become differentiated. It is probable 

that there is a direct relationship between the cytologic abnormalities men- 
tioned and the high percentage of egg mortality due to X-radiation of the 
mature gametes. 

SoNNENBLiCK, B. P., and Hxjettner, a. F., Washington Square College, 
New York, N. Y. : Cytology and development of a Star race of Drosophila melano- 
gaster. A race of Star has been crossed for several generations to a highly* 

inbred, vigorous wild strain of D. melanogaster. Preparations have been made 
of eggs allowed to develop at 25±o.i°C for various defiiiite periods up to and 
including 48 hours. The arrest in development of homozygous Star eggs occurs 
at a relatively late stage with larval jaws, suprapharyngeal musculature and 
other larval organs formed. It is planned to demonstrate preparations of nor- 
mal and homozygous Star eggs. 

Spencer, Warren P., College of Wooster, Wooster, O.: Drosophila virilis 

americana, a new sub-species. A line of flies descended from an impregnated 

wild female taken in a trap in open woods in Wayne County, Ohio, proves to 
be a new sub-species of Drosophila virilis. Drosophila virilis americana differs 
from Drosophila virilis virilis in the following characters: more fusiform body, 
darker body color, larger eye, finer eye pile, broader carina, heavier cloud on 
posterior cross-vein, and reddish rather than gray pupa case. In the former 
pupation occurs in the culture medium rather than on the sides of the culture 
vial. Americana etherizes very rapidly in contrast to the other sub-species. 
The cross-matings give a few hybrid offspring. The mating, virilis female 
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by americana male, is more often successful than the reciprocal. When virilis 
females are impregnated by americana males about 2 percent of the eggs 
develop. The hybrids, both males and females, are partially fertile when 
crossed inter se or back to either parent sub-species. The Fi hybrid resembles 
americana more closely than virilis. F2 and back-cross experiments indicate 
that all of the sub-specific characters observed depend upon multiple factors. 

Salivary chromosomes of the hybrid larva show loose pairing in certain 

regions and three major inversions, each in a different chromosome pair. In 
morphological and physiological characters the two sub-species differ more 
than do D. pseudoohscura and D. miranda^ but in terms of salivary chromo- 
some structure and fertility of the hybrids they appear to be more closely 
related. 


Spencer, Warren P., College of Wooster, Wooster, 0 .: Multiple alleles at 

the bobbed locus in populations of Drosophila hydei. Of 27,805 flies from a 

population of Drosophila breeding on a citrus dump near Azusa, Southern 
California, 99.3 percent were D. hydei. 3.1 percent of the females were classi- 
fied as distinctly bobbed. Further analysis included single matings of 118 wild 
males to females from standard bobbed stocks, 54 virgin bobbed females 
reared from collected pupae to standard bobbed males, and subsequent 

backcross and F2 matings, It was shown that: (a) the population contained 

an extremely complex series of multiple alleles ranging from homozygous 
lethal types at one end to a group which in homozygous condition gave no 
visible bobbed characters but which could be seriated in their reactions with 
strong bobbed alleles; (b) the phenotypic complex included bristle length, 
abnormal abdominal sclerites, length of larval-pupal life, time of maturing 
after emergence, sterility and lethal effects; (c) some alleles acted more 
strongly on one phenotypic character, others on another, and their heter- 
ozygous combinations varied toward wild type; (d) most bobbed females 
tested carried two different and easily separable bobbed alleles; (e) the series 
showed no indication of complete dominance. There is considerable evi- 

dence that D. hydei populations generally carry bobbed alleles. The author 
has found bobbed in wild stocks collected from San Gabriel Canyon and 
Providence Mountains, California, Wooster, Ohio (1925 collection), Hunting- 
ton, New York, and Coffeyville, Kansas. In November, 1937, from a large 
population of D. hydei near Wooster, Ohio approximately 10,000 flies have 
been collected. A sample of 1575 females examined showed 3.8 percent easily 
classified as bobbed. 

Stabler, L. J., U. S. Department of Agriculture and University of Mis- 
souri, Columbia, Mo.: On the possibility of disentangling by spectrological means 
the complex of genetic effects induced by radiations. Genetic alterations in- 

duced by penetrating radiations include translocations, deficiencies, and 
point mutations. In addition, in maize, ^^germless seeds^’ are produced, re- 
sulting from alterations (induced by pollen treatment) which prevent the 
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normal development of the embryo. These may be designated ^^dominant 
lethals, though as in other postulated dominant lethals there is no assurance 
that the underlying alteration is genic or even chromosomal. Many at- 

tempts have been made to interrelate some or all of these effects, so as to 
derive them from some single basic change produced by the radiation. On the 
other hand it is often argued that some of the effects (that is, deficiencies and 
mutations) must be distinct in origin and nature. All of these effects, how- 
ever, are found in all experiments suitable for their demonstration within the 

X-ray to gamma-ray range.^ Comparison of X-ray and ultra-violet effects 

in maize indicates that at least three of the four are spectrologically separable. 
Ultra-violet rays failed to affect the translocation rate, while it greatly in- 
creased the frequency of germless seeds, deficiencies, and mutations. As pre- 
viously shown (Stabler and Sprague 1936) this contrast might be incidental 
to dosage, but later studies (with J. W. Cameron) of the X-ray dosage rela- 
tion show that this is not the case. The ultra-violet ray effects on germless 
seeds and deficiencies have distinctive spectral characteristics (see Stabler 
and Uber, these abstracts). Thus the alterations resulting in translocation 
are separable from those resulting in the other three effects, and those pro- 
ducing germless seeds are separable from those producing deficiencies. The 
spectral correspondence of point mutation with deficiency and the germless 
seed effect remains to be determined. 


Stabler, L. J. and Uber, Freb M., University of Missouri and U. S. De- 
partment of Agriculture, Columbia, Mo.: Preliminary data on genetic effects 

of monochromatic ultra-violet radiation in maize. Pollen was treated with 

monochromatic radiations of wave-lengths 235, 238, 240, 248, 254, 265, 280, 
297, 302, 313 and 365m/x. Absorption determinations on pollen grain con- 
tents showed that penetration does not vary widely with wave-length in this 
range. Tolerance (maximum dose permitting seed production) varied from 
1.2 X 10® ergs/mm^ at 235m/4 to more than 2.5X10® ergs/mm^ at 
There were four fairly distinct tolerance levels: (i) 1.2X10® ergs/mm^ for 
X235-240, the limiting factor in this range being clumping of pollen; (2) 
1.2X10^ ergs/mm 2 X248~28o; (3) 1.3 X 10® ergs/mm^ for X297 and 302; 
and (4) more than 10® ergs/mm^ for X313 and 365, at which the highest doses 
applied had no effect on seed production. Deficiencies (marked by loss of A, 
Pr, Su Wxj and F in endosperm) were induced in large numbers by all wave- 
lengths of the range 23S~302m/i. Throughout this range fractionals as well 
as entire endosperm deficiencies were numerous. Longer wave-lengths had no 
appreciable effect on the frequency of deficiency. The frequency of "germless^ 
seeds was increased markedly by radiation of wave-lengths 2Somfi and shorter 
but not materially affected by longer wave-lengths, even at much higher 
dosages. Thus, X297 and 302, which are tolerated in heavy doses, are highly 
effective in inducing deficiencies and have little or no effect in producing germ- 
less seeds. The results suggest that the three phenomena are the result of 
induced alterations which have distinctive spectral characteristics. 
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Steele, Dewey G., Connecticut State College Storrs, Conn. : A colorimetric 
method for the quantitative study of melanin in feathers. — Colorimetric methods 
have been applied to the quantitative study of melanin in the feathers of 
several color types of the chicken. Consistent and reproducible results have 
been obtained by this procedure and they will be shown in tabular form. 
They will demonstrate the quantitative effect of several so-called qualitative 
color factors. The steps in the procedure are as follows: (i) Obtaining the 
sample. — All feathers should be obtained from the same region of the bird. 
In this study only dorsal wing coverts from the region of the wing bow have 

been used. (2) Washing the feather sample, followed by drying for 24 

hours in an oven at io3°C, then weighing. (3) Digesting the feathers by 

boiling the sample for 15 minutes in 100 cc of 2.5 percent NaOH, Boiling is 
done in a flask connected with a reflex condenser. Immediately following the 
digestion process the contents of the flask are cooled by immersing the flask 

in cold water. (4) A small portion, such as i cc or 5 cc of the digested 

sample is diluted with sufficient 2.5 percent NaOH to give the desired con- 
centration for the test solution. Concentrations ranging from i gram of 
feathers in 1000 cc of the caustic solution to i gram in 8000 cc have been 
studied, and the results show that the less dilute test samples may be more 

favorable for detecting small differences than those at the other extreme. 

(5) The light blocking power of the test sample is measured in an electrometric 
colorimeter and the readings are expressed in terms of microamperes. The in- 
strument should be standardized before each reading, and if this is properly 

done duplicate readings may be obtained by different operators. The 

method does not yet offer the means for determining the absolute quantities 
of melanin in feathers but it does provide a means for determining the relative 

amounts of pigment in comparable color types. The general procedure 

should be applicable to other animals where the same problems are being 
studied. 


Stern, Curt, University of Rochester, Rochester, N. Y. : The innervation 

of setae in Drosophila. By means of the methylene blue technique of intra- 

vitam staining it can be demonstrated that on the thorax of Drosophila under- 
lying the pattern of micro- and macrochaetae (hairs and bristles) there exists 
a pattern of peripheral nerve cells. They are bipolar cells situated below the 
hypodermis. From each cell one short fiber is sent to the base of a seta while 
the second, long fiber, joins up with similar long fibers from other cells into 
nerves which lead to the central nervous system. Bristles, in contrast to hairs, 
are innervated by a large, instead of a small, cell. An interesting detail of the 
nerve pattern is the fact that the nerve cell belonging to the anterior dorso- 
centrai bristle combines with a different nerve- trunk than the nerve cell of 
the posterior dorsocentral. The former sends its axon toward an anterior nerve, 
the latter toward a posterior. A complete association seems to exist between 
the typical nerve cells and the setae so that each seta is innervated, and each 
nerve cell is connected with a seta. This is true not only for normal flies but 
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also for mutant races with increased (Hairy wing, hairy) or decreased number 
of setae (achaete, scute, Dichaete), In mosaic spots of hairy, on flies heter- 
ozygous for this gene, every seta again is innervated. These studies are un- 
dertaken as a step in an analysis of bristle pattern. 


Stone, W. S., University of Texas, Austin, Tex.: The Y chromosome and 

pigment formation in Drosophila melanogaster, The Y chromosome has 

been shown to have a positive stabilizing effect on the amount of eye pig- 
ment in the case of white and Plum mottles (Go wen and Gay, Schultz, 
Dubinin, and others). This influence on pigmentation is a more general one 
and extends to body color as well. An "unstable gene” for gray in scute® 
stock 63 5 q produces flies mosaic for gray-yellow, XY males are predomi- 
nantly gray with a few yellow splotches, and the XO or X-XR (hyperploid 
for B-hh region) practically yellow with a few gray bristles and hairs; the right 
end of the X lacks this stabilizing effect. The Y chromosome has a non- 
specific factor which stabilizes and normalizes pigment formation. 


Stone, W. S., and Griffin, A. B., University of Texas, Austin, Tex,: 

centromeres in Drosophila melanogaster. In D. melanogasier two 

stocks have been obtained in each of which the centromere of one chromosome 
has associated with it a few genes only. These stocks are translocation X-IV 
10, with region i A (broken to the left of yellow) attached to the IV at 102A1, 
and a deletion in IV with the region between loiFi and 102F3 missing. 
Hyperploids for each of these small chromosomes are normal. Somatic tissues 
of females homozygous for the translocation appear to have only three pairs 
of chromosomes. However, the small chromosomes can be seen occasionally 
in salivary gland nuclei, if a careful search is made. When present as hyper- 
ploids, these small chromosomes constitute "free” centromeres, which would 
afford an opportunity of increasing the chromosome number through trans- 
location, just as a free Y chromosome could do (Sturtevant and Tan and 
others). 


Sturtevant, A. H., California Institute of Technology, Pasadena, CaL: 

The homologies of the chromosome arms of different species of Drosophila, 

There are three available methods of studying the homologies of the chromo- 
somes of species of Drosophila. In the case of species that can be hybridized 
it is possible to study the allelomorphism of mutant genes (as in D, melano- 
gaster and D, simulans)^ or to study the conjugation of the salivary chromo- 
somes of the hybrids (as in the above case and in that of pseudoobscura and 
miranda). But most species cannot be hybridized, and only the third method 
is available, namely, the identification of mutant genes by their phenot3q>ic 
effects. Charts will be presented showing the results of such a comparison* 
The table on the following page is a condensed summary: 
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Species Equivalent Chromosome Arms 


melanogaster 

X 

II L 

HR 

IIIL 

III R 

IV 

simulans 

X 

II L 

II R 

IIIL 

IIIR 

IV 

pseudoobi^cura 

XL 

IV 

III 

X R 

II 

V 

miranda 

XL 

IV 

X 2 

X R 

II 

V 

virilis 

X 

IV 

V 

III 

II 

VI 


The success of the method indicates that in no case have large sections been 
transferred from one arm to another. X-ray studies show that such transfers 
occur frequently. It may be concluded that the products practically never 
survive under natural conditions, even in the time periods concerned in 
very extensive species differentiation. 

Warren, D. C., Kansas State College, Manhattan, Kan.: Mapping the 

genes of the fowl. Four linkage groups are now known in the fowl. The 

sex-linked group has 6 factors while the 3 autosomal groups are comprised 

of 4, 3, and 2 factors respectively. Six other factors are now fairly well 

established as markers of additional chromosomes, all having been shown to 
segregate independently of each other as well a§ of the 4 established linkage 
groups. In the case of the 6 groups with a single factor, the numbers involved 
are large enough to make it improbable that any of them will be found to be- 
long to the same group. The available data now provide markers for 10 chro- 
mosomes in the fowl. The known genes in the sex chromosome are barring, 

slaty shank, head streak, silver, late feathering and light down. The first 
described autosomal linkage group carries the factors, rose comb and creeper. 
The next group consists of crest, dominant white, frizzling, and fray. The 
fourth group has the factors silkie, flightless, and naked neck. The 6 inde- 
pendently segregating factors are rumplessness, polydactyly, pea comb, white 
skin, leg feathering, and blue plumage. 

Wettstein, Fr., Kaiser Wilhelm Institute fiir Biologie, Berlin Dahlem, 
Germany: Eemiploid forms and some problems of polyploidy^ By experi- 

mental investigations within the last decades we are informed about origin 
and characters of a number of experimentally produced polyploid forms among 
plants. Cytological investigations show that within many genera of flowering 
plants the chromosome numbers of species form arithmetical series. They are 
designated as cytological polyploid series. This implies the assumption that 
these species have arisen by polyploidy in one of the ways known from experi- 
mental polyploid forms. To support this conception two proofs are still 

necessary. Firstly there has to be demonstrated that a natural species with 
high chromosome number is actually a polyploid form. Secondly it has to be 
proved that experimental polyploid forms also may show the same characters 
observed in natural polyploid ones. In both cases we supply examples out of 
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our research work with mosses. Muntzing has already derived from the 

cross Galeopsis pubescens by G. speciosa a tetraploid form equivalent to the 
tetraploid wild form of G. Tetrahit. From the wild form of a moss, Fhysco- 
mitrium piriforme (n = 36 and 2n = 72) we obtained two forms with half the 
haploid number n/2 = i8, the so-called hemiploids. Recombining both, we 
again get the normal haploid wild form. This proves that the wild form of 

P. piriforme should be regarded as a polyploid. By regeneration of the 

diploid sporophytes of Bryum caespUicium we obtain a dioeceous bivalent 
race with large cell volume, gigas characters and low ‘fertility. Due to a 
strange regulation process in the course of eleven years the large cell volume 
has changed to a low one, the gigas characters have disappeared, the fertility 
has become quite normal. In spite of this the number of the chromosomes re- 
mains unchanged. In this way a polyploid race with the normal characters 
of a univalent race has resulted. 

Whiting, Anna R., University of Pennsylvania, Philadelphia, Pa.: Mutant 

body colors in Habrobracon and their mosaics. In Habrobracon wild type 

have honey-yellow body color with a pattern of black varying in extent and 
intensity inversely as the temperature. Extremities (antennae, feet, ovipositor 
sheath, and wings) have black pigment which remains constant at differing 
temperatures. Three linked mutant genes, all recessive, affect body color. 
Honey Qto) eliminates black in all parts at any temperature, leaving almost 
uniform honey color. Lemon Qe) reduces yellow to pale lemon and limits ex- 
tent of black pattern but leaves extremities dark except that basal antennal 
segments are bright yellow (a dominant trait). Black {bl) intensifies and ex- 
tends the black pattern and reduces the restricted light areas to pale yellow. 
In double recessives black fails to produce or extend a black pattern but 
causes a suffused sootiness with reduction of yellow. In lemcn-honey the 
general tone is pale cream while in black-lemon-honey it is sooty cream. It is 
possible that these facts are analogous to those concerned with coat colors 
in Mammals as analyzed by Wright; that the formation of black pigment 
is dependent on two substances (i and 2), only one of which (i) is necessary 
for yellow. Relative excess of substance 2 results in more black and exhausts 
substance i, tending to make "yellow” regions sooty cream. The mutant body 
colors are relatively little temperature affected. In mosaics each genetically 
different region is autonomous for body color. Colored paintings have been 
made with aid of a grant from the Penrose Fund of the American Philosophi- 
cal Society. 

Whittinghill, M., California Institute of Technology, Pasadena, Cal.; 

Obgonial crossing oter in Drosophila melanogaster. The occurrence of oogon- 

ial crossing over may be demonstrated by X-raying marked females homo- 
zygous for the asynaptic factor, C3G, which normally prevents almost all 
crossing over. About 200 such females heterozygous for the mutants sc ec cv 
ctv sf car were X-rayed with 2500 r or 3500 r and then mated individually to 
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multiple recessive males. Each mating was transferred through a series 
of five cultures until 23 days after raying. Sixteen crossover offspring were 
found, nine of which could have been. due only to the occurrence of crossing 
over in oogonial cells followed by the multiplication of the crossover chromo- 
somes. These nine crossovers came from eggs laid by four females during the 
10th to 19th days after X-raying. No female produced more than one class 
or two complementary classes of crossovers. In each of the four regions for 
which crossovers were found they occurred in groups almost as often as singly 
per family, whereas in untreated material Go wen (1929) found crossovers 
singly only. It is obvious that in females lacking the asynaptic factor oogonial 
crossing over, if present naturally or by induction, is obscured as such by the 
usual meiotic crossing over. Hence an increase in the number of crossovers 
recovered may be due to either of two causes: an actual, pronounced increase 
in the occurrence of meiotic crossing over; or the earlier occurrence of an 
occasional mitotic crossing over in gonial cells. 

Williams, L. F., and Williams, G. S., U. S. Department of Agriculture, 

Urbana, 111 .: The use of prime types in linkage studies in the soybean, A 

cross between Hahto and Type 116, a strain descended from a seed irradiated 
by Dr. J. T. Buchholz, produced plants having 44 percent of the ovules un- 
developed and approximately 50 percent shrivelled pollen. In the F2 genera- 
tion about half of the plants had good pollen and normal seed development 
and half showed ±50 percent bad pollen and ±50 percent undeveloped 
ovules. This indicated the existence of reciprocal translocations or prime types 
in the parent strains. F3 pedigrees from both types of F2 plants support this. 

The Fi has an average of 44 percent undeveloped ovules but a necessary 

correction, due to the fact that pods in which all ovules fail to develop are 
dropped raises the percentage of undeveloped ovules to 50.8 percent. This 
type of ovule failure differs, in kind and in distribution in the pod, from the 

environmental type of seed abortion studied by Woodworth and others. 

Since the failure of half of the ovules produces a characteristic appearance of 
many one-seeded pods, pedigrees can be classified for plants homozygous and 
heterozygous for the prime types without pollen or chromosome examination. 
This should be very useful in future linkage studies in the soybean. Plants 
heterozygous for prime types can thus be identified by examination of chro- 
mosomes, pollen or pods. The parents differed by eleven known genes but 

due to epistasis and gene interaction, data for only eight are available. Of these 
LyGyY^R and FZ, clearly are neither linked among themselves nor with these 
prime types. One gene, I, is apparently linked with these prime types, 
giving ± 14 percent crossing over in a count of 284 individuals. 

Woolley, Georoe W., Roscoe B. Jackson Memorial Laboratory, Bar 
Harbor, Me.: A mutation causing the loss of one pair of palatal ridges in the 

house mousey Mus musculus, An examination of a number of strains of 

mice indicates that the common number of palatal ridges is eight. 1-3 lie be- 
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tween the incisor and first molar teeth and are unpaired. 4-8 are inter-molar 
and paired. Families in which the individuals have only four paired palatal 
ridges have been found in the Jackson Laboratory C57 black strain of mice. 
The results of crosses between mutant and normal individuals and their off- 
spring demonstrate that the ridge loss is due to a recessive mutation. Evi- 
dence has been secured showing the fifth, or second paired, ridge to be absent 
in the mutant form. It is possible to determine the ridge number any time 
after birth, and in live mice. 
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E ver since the discovery of neutrons in 1932 by Dr. J. Chadwick 
of the Cavendish Laboratory, Cambridge University, difficulties have 
stood in the way of the use of neutrons in the biological field. In the first 
place, it has been difficult to produce them in sufficient intensities. 
Secondly, nearly all of the neutron sources that might have been used not 
only emit neutrons of very heterogeneous energies, but also emit intense 
gamma radiation whose wave lengths vary through wide ranges. More- 
over, the gamma radiation from most neutron sources is completely in- 
separable from the neutron radiation, so that the biological effects due to 
the neutrons and to the gamma rays carmot usually be separated by the 
use of gamma-ray control experiments. Finally, measurements of the 
intensities of neutron beams, or even determinations of their orders of 
magnitude, are attended by serious experimental difficulties. Through 
physical research, these drawbacks have been partly overcome, although 
there still remains much to be accomplished. Meanwhile, great care must 
be taken both in the performance and in the interpretation of biological 
experiments with neutrons. 

Very few experiments with neutrons in the field of biology have been 
reported. Lawrence and Lawrence (1936) have foimd that fast neutrons 
are approximately ten times as biologically effective as X-rays in altering 
the blood picture of rats. Zirkle and Aebersold (1936) performed experi- 
ments to determine the comparative effects of X-rays and fast neutrons 
on wheat seedlings. Fast neutrons were found to be about twenty times 
more effective than the equivalent dosage of hard X-rays in retarding 
growth in wheat seedlings. 

The only genetic experiment with neutrons that has come to the atten- 
tion of the writers is that of Whiting (1936) on the production of dominant 
lethals in the parasitic wasp, Habrobracon. The data presented however, 
as the author states, are meager. 

The possible efficacy of neutrons in causing mutations was suggested 
by one of us in a recent paper (Locher 1936). The genetical aspect of the 
present problem was carried out under the guidance and suggestions of 
Dr. Edgar Altenbdrg to whom we wish to express our sincere thanks and 
appreciation. We wish to thank the American Oncodogic Hospital at 
Philadelphia for the use of the 4-gram radium bomb, through the courtesy 
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of Dr. G. M. Dorrance, the director, and Dr. F. E. Ulrich, of the Rice 
Institute, for working out the probable errors in the results. 

A preliminary account of this experiment has been reported in Nature 
(Nagai and Locher 1937). 

production of neutrons 

Neutrons, like alpha particles, exist only in atomic nuclei and must be 
ejected from them if they are to be used. Neutrons for this experiment 
were obtained with the “radium bomb” of the American Oncologic 
Hospital, (Newcomet and Hughes 1935), by allowing part of the gamma 
radiation from 4 grams of radium to pass through 485 grams of beryllium 
metal in a cylinder 8.0 cm in diameter and 9.0 cm in height. The radium 
holder, containing eighty so-mg needles, was put in contact with one end 
of the beryllium cylinder, inside the massive lead bomb. 

Gamma-rays whose energies exceed 1.6 MEV (millions of electron volts) 
can disintegrate beryllium nuclei, with the emission of neutrons, by the 
“photo-nuclear effect” ; the neutrons thus obtained are sometimes called 
“photo-neutrons.” In the present case, two gamma-ray lines of the RaC — 
RaC^ spectrum (1.76 MEV and 2.20 MEV, respectively) are capable of 
effecting this disintegration. The former line predominates in intensity. 
The kinetic energies of the neutrons are, therefore, 1.76 — 1.6=0.16 MEV 
(or 160 kilovolts), and 2.20 — 1.6=0.60 MEV (or 600 kilovolts), respec- 
tively. The total emission (in all directions) from the present source is 
calculated to be, roughly, 200,000 neutrons per second. 

It is to be expected that the chief biological effects of fast neutrons will 
arise from the ionization along paths of recoil protons (hydrogen nuclei) 
that they eject by elastic collisions. The maximum ranges, in air, of protons 
ejected by unscattered neutrons from the present source are, according to 
the Cornell University energy-range curves of 1937, 0.22 cm and i.i cm, 
respectively. In water, the corresponding ranges are, approximately, 2.2 
microns and 1 1 microns, respectively. Most of the recoil protons will, of 
course, have much smaller ranges, since their paths are oblique to the 
directions of incidence of the impinging neutrons. 

^ Lead is rather transparent to fast neutrons, since the fraction of the 
kinetic energy lost by a neutron at each scattering decreases with the 
atomic number of the scattering element (1.9 percent, maximum, for lead, 
as compared with 100 percent maximum, for hydrogen). On the other 
hand, the scattering cross-section (or the probability of scattering) of the 
fast neutrons increases slowly with atomic number. The action of the thick 
lead shield provided by the wall of the radium bomb is, then, to introduce 
considerable diffusion of the (fast) neutron beam, without great absorption 
of energy from it. The lead intervening between the source and the point 
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of observation produces scattering-out of the neutrons, but all other lead 
in the vicinity produces scattering-in. 

Figure i shows the arrangement of the neutron source and flies during 
irradiation. Two groups of flies, (F) and (S), were simultaneously ir- 
radiated with fast and with slow neutrons, respectively. The flies were 
placed as close to the beryllium block as was compatible with the retention 
of an adequate thickness of lead for the absorption of the gamma radiation. 



Figure i, — Arrangement of apparatus during irradiation of flies with photo-neutrons. The 
radium (Ra) and beryllium (Be) are in a central hole of the lead bomb. The flies (F), irradiated 
with fast neutrons, are protected from very slow neutrons by a cadmium screen (Cd). A paraflBn 
box (Par.) slows down the neutrons, by scattering, for irradiation of another group of flies (S) 
with slow neutrons. Lead blocks (Pb) and the lead and steel of the radium bomb absorb most of 
the T-rays from the radium. 

The distance of the perpendicular from the “line of centers” of the 
radium bomb to the mid-position of the flies in the vials was 12.6 cm. The 
distance from the center of the beryllium source to the mid-position of the 
flies was 1 1 cm. A cadmium filter 0.023 cm in thickness was used to filter 
out the very slow neutrons that may reach the flies as a result of scattering 
in beryllium and paraffin. The scattering in the beryllium, however, has 
been shown to be negligible. The flies thus protected by the cadmium 
filter received the “fast” neutron treatment. 

The “slow” neutron flies were placed at the same distance from the 
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beryllium source in a parafl&n box which weighed 4.5 pounds. The paraffin 
serves to slow down the neutrons by multiple scattering with hydrogen; 
its use for this purpose is general practice in neutron experiments. The 
paraffin facing the beryllium source was 1.2 cm in thickness, while that 
on all other sides of the box presented a thickness of at least 2.4 cm to 
neutrons incident from the beryllium source or scattered into the box 
by the lead of the bomb. The side of the box farthest from the bomb was 
about 5.0 cm thick and served as a backward-scatterer for the neutrons. 
This arrangement was chosen for its relatively high yield of slow neutrons, 
on the basis of a previous series of experiments with the production of 
artificial radioactivity in a special Geiger-Miiller counter with a silver 
cathode. The distance of the "slow” neutron-treated flies from the beryl- 
lium source was approximately the same as that given for the "fast” 
neutron flies. 

The terms "fast neutrons” and "slow neutrons” are, of course, only 
relative, in the same sense that "hard X-rays” and "soft X-rays” are 
relative terms. The fast neutrons used here are liberated with two distinct 
kinetic energies which are probably not greatly altered before the particles 
reach the flies. The slow neutrons, however, undoubtedly have a con- 
tinuous range of energies that extend from those of the unscattered neu- 
trons to 2!ero, mainly as the result of scattering in the paraffin. The total 
number of fast neutrons in the "slow” group might be roughly 25 percent 
as great as in the fast neutron group. 

Since some gamma radiation from the radium accompanies the neutrons, 
and since exact physical measurements of its biological effectiveness can- 
not be made, gamma-ray controls are necessary, especially in view of the 
fact that gamma-rays cause mutations (Hanson and Hays 1928; Hanson 
and Winkleman 1929). A paraffin "dummy” of the same dimensions as 
those of the beryllium source was used in place of the latter. It should give 
about the same amount of scattering of the gamma radiation as does the 
beryllium, without emission of an appreciable number of neutrons. Two 
sets of gamma-ray controls were run; one set with the flies in paraffin and 
the other in air. The latter should have had a little more gamma radiation 
than the one kept in paraffin; however, the difference in effect between the 
two should be almost negligible. 

Ionization measurements of gamma-ray intensity at the position of the 
flies, both in neutron-irradiated and gamma-ray control groups, were made. 
A small ionization chamber (12 cc volume, with argon at 10 atmospheres) 
was connected through a semi-flexible cable to a vacuum-tube electrom- 
eter; the latter was used as a null-method instrument. The ionization 
current measured at the position of the flies was 50 micro-micro-amperes 
as compared with a current of 1.91 nodcro-micro-amperes due to ionization 
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by 1. 00 mg of radium in a single needle 10 cm from the center of the 
chamber. The radiation on flies would therefore, be 50/1. 91 or 26.2 mg 
Ra equivalent at 10 cm, or at i cm, 0.262 mg Ra equivalent. Taking 
Taylor’s (1936) value of 8.6 roentgens per mg Ra at i cm from a point 
source of Ra, the radiation on the flies per hour would be 8.6 X0.262 == 2.25 
roentgens. Thus, the flies exposed to 36 hours of irradiation (the usual 
treatment in these experiments) received 2.25X36 or 81 roentgens. 

Certain classes of slow neutrons may be measured, but it is not as yet 
possible to measure the intensity of either the slow or the fast neutrons 
falling on the flies in these experiments. We hope to measure the neutron 
flux from the source we used by a new method now under development. 

PRODUCTION OE MUTATIONS 

To determine the effect of neutrons on the mutation rate, adult eosin 
males of Drosophila melanogaster were treated and lethals in the sex 
chromosome looked for. The lethals were detected by Muller’s CIB 
method. One treated male was used per bottle in the Pi, and the Fi Bar 
females were reared in vials. The lethals were located with regard to vf. 
For convenience a lethal in the region between and v is indicated as I, 
and between v and / as II in the tables. The symbols I® and II® indicate 
semi-lethals in these regions. Inv. indicates an inversion. 

The eosin stock flies used in all of the experiments in any particular 
series were of the same kind. They were taken from several different bot- 
tles, mixed well, and then divided into three separate vials for each of the 
four experiments in each series. The three groups of flies were, namely, for 
(i) the neutron-treated, (2) the corresponding gamma-ray controls, and 
(3) the non-irradiated controls which did not receive any kind of radiation. 
They all received identical handling except during treatment period. The 
neutron-treated flies and the corresponding gamma-ray control flies were 
not exposed to their respective radiations at the same time. They were 
usually exposed alternately, for equal intervals of 3 to 8 hours. 

Three series of experiments were carried out with the Ra-Be source of 
neutrons previously described. The first series, or the preliminary series, 
consisted of experiments A, B, C, D; the second, experiments E, F, G, H; 
and the third series, experiments I, J, K, L. The data for each series will 
be considered separately, then the summarized data will be given. 

The results of the first series of experiments are shown in table i. Ex- 
periments A and C met with accident and no data were obtained from 
them. The gamma-ray controls of experiment D died (in transport from 
Swarthmore to Houston). The dosage of neutrons in these experiments was 
low (3 to 9 hours), since it was not yet known what the maximum dosage 
was that the flies could tolerate (or that could be administered under the 
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conditions of the experiment). The data are not significant. The data from 
this preliminary series of experiments are not included with the rest, in 
which larger dosages were employed, as it was not the purpose of the 
present experiments to determine how the effect, if any, varied with the 
dosage, but to determine whether there was an effect in the first instance, 
for which purpose the results got with the maximum tolerable dosage 
would be preferable. 


Table 4 


EXB. 

NO. 


TREATMENT 


NO. 

HRS. 


NO. 

MALES 

TESTED 


NO. Fi 
TESTED 


LETHALS 
NO. % 


MUTATION 

RATE 


G 

Fast Neutrons 

16 

21 

1882 

18 

.96 


H 

Fast Neutrons 

40 

10 

725 

6 

.83 


K 

Fast Neutrons 

36 

18 

734 

8 

1.09 


L 

Fast Neutrons 

36 

20 

971 

12 

1.23 


Total 



69 

4312 

44 

1.02 

z in 98 

XE 

Gamma-ray Con. 

16 

17 

748 

3 

.40 


XG 

Gamma-ray Con. 

16 

21 

ISS 4 

6 

•39 


XI 

Gamma-ray Con. 

36 

5 

77 

— 



XJ 

Gamma-ray Con. 

36 

11 

299 

— 

— 


XK 

Gamma-ray Con. 

36 

16 

958 

3 

.31 


XL 

Gamma-ray Con. 

36 

19 

1128 

7 

.62 


Total 



89 

4764 

19 

•398 

X in 250 

E 

Slow Neutrons 

16 

II 

623 

I 

.16 


I 

Slow Neutrons 

36 

17 

568 

4 

.70 


J 

Slow Neutrons 

36 

14 

313 




Total 



42 

1504 

5 

•332 

1 in 301 

CE 

No Radiation 



, 16 

680 

3 

•44 


CG 

No Radiation 

— 

9 

448 




CH 

No Radiation 

— 

7 

249 

— 




CF 

No Radiation 

— 

6 

317 






Cl 

No Radiation 

-- 

10 

533 

4 

•75 


CJ 

No Radiation 

— 

16 

1020 




CK 

No Radiation 

— 

12 

710 

I 

.14 


CL 

No Radiation 


21 

8 x 5 

4 

•49 


Total 



97 

4772 

12 

.25 

I in 398 


The results of the second two series of experiments, in which larger 
dosages were used (16 to 40 hour treatment) are shown in tables 2 and 3, 
respectively, and the combined data in table 4 in more condensed form. 
A summary of all the results is as follows: 
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SERIES 



NUMBER OR LETHALS 

MUTATION RATE 

Fi BRED 

TOTAL 

I PER 

MALE 

2 OR MORE 

PER MALE 

I. Fast neutrons 

4312 

44 

18 

26 

O.OI02I ±0.00103 

2. Slow neutrons 

1304 

5 

5 

0 

0.00332+0.00100 

3. Gamma-rays 

4764 

19 

19 

0 

0.00399+0.00062 

4. No radiation 

4772 

12 

12 

0 

0.00252+0.00049 


The combined results got with the fast neutrons are definitely significant 
in comparison with the gamma-ray controls. The difference between the 
frequency rates in i and 3 is six times the probable error in i and ten times 
the probable error in 3. The slow neutrons, on the other hand, give no 
significant result in comparison with the gamma-ray controls, the dif- 
ference in the two rates being only 0.62 times the probable error in 2 and 
1.8 times the probable error in 3. The gamma-rays are having a slight 
effect. The difference between the frequency rates in 3 and 4 is 2.3 times 
the probable error in 3 and 3.0 times the probable error in 4. 

The number of lethals per male is noteworthy. The total number of 
males that yielded lethals in the fast neutron-treated series was 25, of 
which II yielded two or more lethals apiece (giving the total of 26 shown 
in the above summary). This contrasts sharply with the results of the 
gamma-ray controls and the remaining series, in that there was no tend- 
ency for any such grouping of the lethals in them. 

Only one inversion was obtained in the present series of experiments. 
The inversion, located in region I (between and v) was found among 
the flies treated for 36 hours with fast neutrons (table 3). 

DISCUSSION 

It is not surprising that slow neutrons produced no effect, since these 
would not as a rule produce dense tracks of ions in matter containing a 
large proportion of hydrogen, as is true of living tissue. Any hydrogen 
atoms that absorbed a neutron would give off very short-wave radiation, 
similar to gamma-rays, and this would as a rule pass out of the tissue 
without causing any change, if the tissue were very small in volume (al- 
though the gamma-rays might sometimes happen to produce ions in the 
tissue and thus cause mutations). The carbon and nitrogen in living tissues 
would not be disintegrated by neutrons. Any boron or lithium that was 
present in the tissues would be broken down with the liberation of alpha 
particles and protons, and these would produce mutations by means of the 
dense tracks of ions that they produce. However, there is not much boron 
or lithium in living tissues ordinarily. The physiological effects produced 
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in rats (Lawrence and Lawrence 1936), it will be recalled as well as the 
retardation of growth in wheat seedlings (Zirkle and Aebersold 1936), 
were due to fast neutrons. 

The grouping of the lethals in the fast neutron-treated series calls for 
special conament. Since adults were treated, the grouping could not be due 
to “redupKcation” of lethals produced in embryonic or germ tract cells. 
Apparently, the only possible interpretation of these results is that if a 
neutron produces any “hit” at all, it tends to strike in more than one place. 
The vast majority of the neutrons would, of course, not be absorbed or 
deflected and would pass right through the narrow limits of the sperm cells 
without producing any effects on them. Those that are deflected within 
the mass of sperm cells would produce a track of ions among the sperm 
cells (in the path of the recoil protons), and it is to be expected that this 
track might produce more than one mutation, since the distance between 
ions is very short (in comparison with the distance between ions produced 
by gamma-rays). 

A large part of the effect of fast neutrons must depend upon the presence 
of hydrogen in the tissues and be due to the short-range, densely ionizing 
paths of the recoil protons. Hydrogen, however, is not the only element 
that can act as a scatterer. Recoil atoms of other elements found in the 
protoplasm may play a part; especially is this likely if the neutrons are of 
very high velocity. If there is any direct relation between the biological 
effectiveness of ionizing particles and the specific ionization of the particles, 
it is probable that recoil atoms of elements other than hydrogen may 
affect that process. So we cannot assume that the biological effects of fast 
neutrons are confined to the effects of recoil-protons. Ionization resulting 
from collisions of neutrons with other elements may appreciably affect 
the part of cells which may be especially sensitive to ionization. 

SUMMARY 

Fast neutrons are capable of producing mutations, as indicated by the- 
fact that m the treated series, 44 lethals appeared in 4312 Fi females, 
derived from 69 eosin males, a mutation rate of i in 98, as compared with 
19 lethals id 4764 Fi females, derived from 89 eosin males, a mutation rate 
of I in 250, in the gamma-ray controls. The lethal mutation rate of fast 
neutron-treated flies is therefore 2.6 times that of the corresponding 
gamma-ray controls. The difference between the frequency rates in the 
fast neutron series and gamma-ray controls is six times the probable error 
in the fast neutron series, and ten times the probable error in the gamma- 
ray controls. 

Slow neutrons did not, under the conditions of the experiment, affect 
the mutation rate. Only 5 lethals appeared in 1504 Fi females (obtained 
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from 42 eosin males), a rate of i in 300.8. The difference between the 
frequency rates in the slow neutron series and the gamma-ray controls 
was only 0.62 times the probable error in the slow neutron series, and 1.8 
times the probable error in the gamma-ray controls. 

There was a tendency for a treated male to produce two or more muta- 
tions, if he produced any mutations at aU. Since adults were treated, 
this grouping of the mutations was not due to “reduplication” of mutations 
produced in the early germ tract, but to separate mutations. This would 
indicate that there was a tendency for several mutations to occur in each 
track of ions caused by a neutron (in cases of “hits”). 
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O ENOTHEEA organensis is endemic to the Organ Mountains of 
southern New Mexico where the entire population apparently con- 
sists of considerably less than one thousand individuals.^ The morphol- 
ogy of the seeds indicates a relationship to members of the subgenus 
Oenothera (sometimes called Onagra), but the growth habit and ovule 
placentation resemble types belonging to the subgenus Raimannia (the 
Euoenothera of Engler and Prantl) . Oenothera organensis has proved com- 
pletely cross-sterile with five species of Raimannia. Hybrids with Oeno- 
thera species are obtained infrequently, and are almost completely sterile, 
resembling Oenothera-Raimannia hybrids. Oenothera organensis differs 
from both these subgenera in being completely self-sterile. 

The inheritance of self-incompatibilty in Oe. organensis proved to be 
of the Nicotiana type, governed by a series of multiple allelomorphs. 
Interest attaches not so much to the mode of inheritance as to the methods 
by which genetic analyses can be followed in this material. 

MATERIAL 

Seeds of Oenothera organensis were collected at Modoc Waterfall, at 
the mouth of Filmore Canyon on the western slope of the Organ Moun- 
tains by Dr. E. W. Erlanson and Dr. A. E. Archer in November, 1928. 
Plants from these seeds were grown in Pasadena in 1929, 1930 and 1931, 
and were continued from a single open-pollinated capsule from one of 
these 1931 plants. The culture grown in 1934 from these 1931 seeds was 
the first to be tested for self- and cross-incompatibility. Ten plants tested 
proved to be self-sterile. Nine of these plants were pollinated by a tenth, 
eight being cross-fertile and one cross-sterile. The first experiments to be 
reported were made on the progenies of these cross-fertile combinations. 

In 1935, Professor P. A. Mtosrz collected seeds from plants growing in 
the type locality, Dripping Springs, in the next canyon south of Filmore 
Canyon. Professor R. E. Cleland grew plants from these seeds in Balti- 

1 Oenothera organensis Munz n. nom. Oe. macrosiphon'Woot. & Standi., Contr. U. S. Nat- 
Herb. 16. 155. 1913, notOe.macrosipionLehm.mHamb. Gartenz. XIV; 439. 1858. 

* In September, 1937 there were 70 plants in one canyon at Dripping Springs, 42 plants in 
another canyon at Dripping Springs, less than 20 plants at Modoc Waterfall Qune 1937), and 
about 20 plants in one fork of McAllister Canyon on the north slope of the mountains. Unless 
there are some unexpected stands of this species in other parts of the mountains, the total popu- 
lation must be less than 500. 
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more the following year, found that they were self>sterile and made 
intercrosses between seven of them. Seeds of these crosses were sent me 
and the progenies were tested at Pasadena in the summer of 1937. 

CROSS-INCOMPATIBILITY IN ONE FAMILY 

A culture of 21 plants was grown in the summer of 1936 from seeds of a 
cross between two members of the 1934 culture of the Modoc strain. 
Fifteen of these (including all then in flower) were intercrossed in nearly 
all possible combinations. The first results were extremely complicated: 
reciprocal crosses reacted alike in some instances and not in others. Fol- 
lowing repeated pollinations, seeds were finally obtained in both or neither 
directions in most reciprocal crosses, and the family could be classified into 
four intra-sterile, inter-fertile groups. The data obtained are summarized 
in table i. 


Table i 

Results of cross-pollinations within one family. A set of seeds is hidicated by 
the -h sign, the failure of the capsule to set hy the — sign. 
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INCOMPATIBILITY TESTS WITHIN THE STYLAR TISSUE 

Flowers which had been pollinated 24 hours earlier were removed from 
the plant, killed, the styles dissected and stained by the method of 
Btjchholz (1931) for Datura. Following compatible cross-poUination, the 
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pollen tubes had just reached the ovaries (150 to 180 millimeters below the 
stigma), whereas following self-pollination the pollen tubes remained 
in the stigma and were mostly less than one millimeter in length. 

On flowers removed from the plant and kept in a moist chamber at 
25°C, pollen tubes from compatible pollinations grew at nearly a constant 
rate. Pollen tubes from self-pollinations apparently stopped growing after 
the first hour or two (fig. i) . 



hours 

Figxjiue I. — Curves showing the growth of compatible (BXA) and incompatible (AX A) 
pollen tubes in the styles of flowers removed from the plants. The solid lines show the lengths of 
the longest pollen tubes, the dotted lines show the mean lengths of all pollen tubes in the styles. 

The distinction between compatible and incompatible combinations is 
clearly evident after four hours, at which time the longest pollen tubes are 
still within the relatively thick portion of the style (approximately i 
millimeter in diameter) where dissections are readily made. All subsequent 
tests for cross-incompatibility have been made by this method. In figure 2 
the results of tests made in the summer of 1936 are summarized. In these 
tests the time varied from four to five hours and the temperature from 20° 
to 27°C. The tests are generally very clear, with the exception of occasional 
flowers in which incompatible pollen tubes grew longer than is customary, 
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and in such flowers very few pollen tubes reacted in this way. Conse- 
quently, tests made by this method proved much more reliable than those 
in which the failure of seeds to set was used as a criterion of incompati- 
bility. 

The culture which had previously been tested by the set of capsules 
(table i) proved to have 8 plants of type A, 5 of type B, 4 of type C and 
3 of t3rpe D, and there was one plant that failed to flower. Other cultures 
grown in that year were not tested as completely, but only one culture 
contained plants belonging to a different incompatibility group. This 
culture had 8 plants of type C and 3 of type E, with ii that failed to 
flower. 



3 9 15 21 27 33 39mm 3 9 15 21 27 33 39mm 

LENGTH OF LONGEST TUBE "MODAE' LENGTH OF TUBES 


Figure 2. — Distribution curves of pollen tubes of compatible and incompatible combinations 
4 to 5 hours after pollination. The modal length was determined by inspection, not from measure- 
ments of all tubes. 

PROGENY TESTS 

Intercrosses between the different incompatibility groups were grown 
in the greenhouse in the winter of 1936-37 where their flowering was in- 
duced by artificial illumination (long day treatment). The frequencies of 
the various incompatibility t3q>es appearing in these cultures are sum- 
marized in table 2, to which have been added data from similar crosses 
grown in the summer of 1937. 

The data indicate that a series of multiple allelomorphs are responsible 
for self-incompatibility in Oenothera organensis^ as in Nicotiana (East 
and Mangelsdore 1925) and many other plants. The action of these 
allelomorphs is such that pollen carrying any particular allelomorph fails 
to produce normally developing pollen tubes in styles heterozygous (or 
homozygous) for that allelomorph. In those crosses in which the parents 
had completely dissimilar allelomorphs, four sterility types are expected 
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Table 2 

Frequencies of different incompatibility types in the progenies of 
intercrosses between types AjB,C, D and E. 


GENOTYPES OE TYPE A TYPE B TYPE C 
PARENTS S\S 2 53S4 SiSz 


TYPE B 
52^4 


TYPE E TYPE E 
SiSi 


AXB 

SiSiXSiSi 

BXA 

SsSiXSA 

AXC 

SiSiXSiSi 


CXA 

SiSs'X.SiS 2 

AXD 

SiSiXSiSi 

DXA 

SiSiXSiSi 

BXC 

SsS 4 y(.SiSs 

CXB 

SiSiXSsSt 

BXD 

S234XS2S4 

DXB 

SiSi^SiSi 

CXD 

SiSs'XSiSi 

DXC 

S2S4XSA 

EXA 

SiSsXSiSz 

EXB 

SzSsXSsSi 

EXC 

S 2 :S 2 XSiSz 

EXD 

SiSsXSiSi 



7 


4 


10 


12 


13 


7 


among the offspring, none of which represents either parental type. In 
those crosses in which the parents had one allelomorph in common, only 
two sterility types are expected among the offspring, and one of these 
should be identical to that of the male parent. 

The allelomorphs responsible for the present types may be determined 
by the following method: 

The cross AXB yields four types, C, D, E and F, hence A and B can 
have no allelomorph in common. A may be taken as SiSa, B as StSi. 

The cross AXC produces only two types, C and E, hence A and C have 
one allelomorph in common and this is taken as 5 i. 

The cross B X C also produces two t3^es, C and F, and the allelomorph 
which B and C must have in common is taken as S3. Then C has the con- 
stitution SvSj, 



SELF-INCOMPATIBILITY IN OENOTHERA 195 

In the cross A (5i52)XC (SiSz), only ^'3 pollen functions, producing 
SiSz which is type C and 5253 which must then be type E. 

In the cross B (5354) XC ( 5 i 53 ), only 5 i pollen functions, producing 
5 i 53 which is type C and 5i54 which must then be t3;pe F. 

Since the crosses A XD and BxD each produce but two types including 
that of the pollen parent, D must have one allelomorph in common with 
type A and one with type B, and since C and D can have no allelomorph 
in common (the four types A, B, E and F are produced in intercrosses 
between them) . D must be S2S4. 

The remaining crosses listed in table 2 serve as a check on this inter- 
pretation. The o’s included in this table indicate classes that should have 
occurred in the particular families but which were not observed. 

TESTS FOR ADDITIONAL ALLELOMORPHS IN 
THE GAMETOPHYTE GENERATION 

An examination of stigmas prepared four hours after pollination showed 
that it is possible to distinguish between the two sorts of pollen in crosses 
between types having an allelomorph in common, for example 5i52X5i53. 
Figure 3 is a photomicrograph of a stigma following this type of pollina- 
tion. The incompatible pollen (carrying the allelomorph also present in the 
stylar tissue) produces very short tubes and the pollen grains retain their 
contents. The compatible pollen produces very long tubes (fig. 4) and the 
pollen grains and the upper portions of the tubes are empty and fail to 
stain. Figure 5 is a photograph of a completely compatible combination in 
which all of the germinating pollen has produced long tubes, the pollen 
grains becoming empty. Figure 6 is a photograph of a completely incom- 
patible combination, equivalent to self-pollination, in which all of the 
germinating poUen produces short tubes and in which there are no empty 
pollen grains. 

By using the presence of two types of pollen, that with long tubes and 
that with short, to indicate the presence of an allelomorph common to the 
two parents, it is possible to determine the genetic constitution of any 
particular plant without progeny tests. This method was used in analyzing 
the crosses obtained from Professor Cleland (the Dripping Springs 
Strain). The data from these tests are presented in figures 7 and 8, Figure 7 
is a table showing the behavior of pollen in intercrosses between the 
various incompatibility types occurring. Figure 8 is a table showing the 
incompatibility groups expected and the observed frequencies of plants 
belonging to these groups in the different crosses. 

The details of the analysis follow: 

Type O has one allelomorph in common with types C (5i53) and E 
none with type A hence 0 has allelomorph Sz. Type O has no 
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Figures 3 to 6. — ^Photomicrographs of portions of prepared stigmas or styles four hours after 
pollination (magnification 22X)» Figure 3, a partially compatible combination (SiS^XS&Si); 
c, compatible (Sb) pollen; i, incompatible (^7) -pollen. Figure 4, portion of style 20 mm below the 
stigma from the same preparation as Figure 3 to show ends of compatible pollen-tubes. Figure 5, 
completely compatible combination (5357X5653); the few stained pollen-grains failed to germi- 
nate. Figure 6, incompatible combination (SbSbXSbSb) equivalent to self-pollination. 
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allelomorph in common with type F (SiSi)j hence the second allelomorph 
carried by 0 is different from all previously determined and is taken as Sq- 
Type 0 is SzS-o. 

Type G has one allelomorph in common with type 0 (SzSz), none with 



Figure 7. — Behavior of pollen-tubes in crosses between the diJfferent incompatibility types. 
The + s>Tnbol indicates a completely compatible combination, — a completely incompatible 
combination and § a combination with one allelomorph common to both parents. The letters in 
the headings refer to the incompatibility types, the fractions under or beside them refer to the 
allelomorphs of S carried by each type, for example, f represents etc. 

types A to F (5i to ^ 4 ), hence G has Sz and no other previously determined 
allelomorph. Type G is SzSz- 

Type H has one allelomorph in common with type G (S^Sz)^ none with 
type O (SzSz)j hence H carries Sz and no other previously identified allelo- 
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Figuhe 8, — ^Frequencies of different sterility types in different intercrosses. The heavy-lined squares in the 

table indicate predicted classes (see text). 
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morph, as shown by crosses with types A to F (Si to 54). Type H is SgSr. 

Type J has one allelomorph in common with each of types O (S3S5), 
G (SsSe) and H ( 565 '?) . Type J does not have Ss as it has no allelomorph in 
common with type C (SiSs). Hence J has Ss in common with types 0 and 
G, Sr with t}pe H. Type J is SsSr. 

Type K has no allelomorph in common with types E (S2S3), F (S1S4), 
G (SsSs) or J (SsSr). T 3 pe K is SsSg. 

Type L has one allelomorph in common with type G (SsSs) , none with 
t3pe J (SsSr), hence L has Type L has one allelomorph in common with 
t3pe K which can be either S3 or S3. Type L is SsS^. 

Type M has one allelomorph in common with type J (SsSr), none with 
type H (SsSr), hence M has Ss. It has one allelomorph in co mm on with 
t3pe K (SsSg), none with type L (SsSs), hence M has Sg. T3pe M is SgSg. 

Type N has one allelomorph in common with types J (SsSr) and L (SsSg) 
none with type G (SsSs), therefore N has SrSg. 

Type Z has one allelomorph in common with t)pe G (^s^e), none with 
type J (SsSr) , hence type Z has Ss. Type Z has no allelomorph in common 
with types A to F ( 5 i to St) nor with tjpe K (SaSa). Type Z is SsSio. 

Type $ has one allelomorph in common with type J (SsSr), none with 
type G (SsSs), hence # has allelomorph Sr. Type # has no allelomorphs 
in common with types A (SiSi), B (SsSs), K (S^i) or Z (SsSia). Type $ is 
SrSii. 

After these types had been identified, the genetic constitutions of the 
parents were deduced. It was then possible to predict the types that should 
occur in all intercrosses. The method of determining the constitutions of 
the parents is as follows: 

Parent no. 3. 

#2 X#3 produced type G, #3 has Ss or Ss or both. 

#3 X^2 produced type O, #3 has S3 or Ss, hence §$ is one of SzSs, SsSs, 
SsSx- 

#3 X#i3 produced t3pe H, #3 has or Sr, hence SsSs, SsSs or S^r. 

§3 X#i3 produced type J, #3 has Ss or Sr not both, hence parent no. 3 
is SsSs or type G. 

Parent no. 14. 

j^3 X#i4 produced type H (SsSr) and since Ss came from #3, §14. has 
allelomorph Sr. 

fs Xjfis produced type H, hence §1$ similarly has Sr- 

#i3X#i4 produced type N (SrSa) and since #13 and #14 both have Sr, 
the pollen parent must be type N. Parent no. 14 is SrSa or type N. 
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Parent no. 13. 

§13 has been shown above to have 5 ?. 

#i4X#i3 produced type K {S&Sq) and since ^9 is from #14, parent #13 is 
S7SBJ called type V. 

Parent no. 5. 

#3 produced types J {87,87) and Z (SeSio), and since allelomorphs 87, 
and 8b were from #3, parent no. 5 is 8781^ called type T. 

Parent no. 2. 

#3 X#2 produced type 0 (S'sSs) and since ^6 is from #3, /2 must have 53. 
#2X#S produced type H {8^87) with 87 from #5, hence parent no. 2 is 
Sz8b called t3^e P. 

Parent no. p. 

#9X#2 produced type H {8^87) with 8b from 

#SX#9 produced type <i> {87811) with 87 from #9, parent no. 9 is 575'ii 
or type 

Parent no. 18. 

#i 8X#3 produced type M {8b8b) with 8b from fe, 

#i8X#i 4 produced type L {8bSb) with 8q from #14, parent no. 18 is 
Sb8b called type S. 

In figure 8, the heavy-lined squares indicate the additional classes ex- 
pected in the various crosses. The numbers enclosed in these squares 
represent the observed frequencies of these classes. Unfortunately a fairly 
high proportion of the plants failed to flower during the summer so that 
the tests are necessarily incomplete. The data are sufficient, however, to 
serve as a reasonably good check on the above determinations. 

CHROMOSOME CONEIGURATIONS 

The culture of Oenothera organensis grown in 1931 directly from seeds 
collected at Modoc Waterfall contained plants with different chromosome 
configurations. The female parent of the 1934 culture had seven chromo- 
some pairs. At least one other plant had a ring of six chromosomes and four 
pairs. Plants of the 1934 culture were not examined cytologically, but both 
configurations appeared in the 1936 culture derived from it. The con- 
figurations observed in the 1936 culture discussed earlier were: 

( 6 plants with 7 pairs 

I plant with a ring of 4 
T3q>e C — 3 plants with 7 pairs 

Type D (^254) — 3 plants with ring of 6 
Type B {8^84 ) — 4 plants with ring of 6 
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The ring of 6 appeared whenever 54 was associated with either S2 or S^- 
With the exception of the one plant with a ring of four chromosomes, 7 
pairs resulted from associations of 5 i with S2 and of Si with 53. The further 
crosses made to test the association of the ring of 6 with 54 are reported in 
table 3. While the tests are not extensive, all of the plants carrying 54 (a 
total of 8) had rings of 6 chromosomes, whereas those with combinations 
of other allelomorphs (a total of 6) had 7 pairs of chromosomes. 

Table 3 

PARENTS PROGENY 

^1^2 (7 pairs) X‘S'254 (ring 6 ) i ^2^4 with ring of 6 

I I SiSz with 7 pairs 
3 SiSi with ring of 6 
I S2Si with 7 pairs 
3 S2Si with ring of 6 

SiSz (7 pairs) XSzSi (ring 6) i StSz with 7 pairs 

SzSi (ring 6) XS1S2 (7 pairs) i S1S2 with 7 pairs 

SzSi (ring 6) XSiSi (ring 6) i with ring of 6 

*S'i 52 (7 pairs) X5 i 53 (7 pairs) i ^253 with 7 pairs 

The exceptional type A plant with a ring of 4 chromosomes (5x52) was 
pollinated by a C-type plant (5i53) "with 7 pairs. Among the progeny, one 
5 i 53 plant had 7 pairs, one 5253 plant had a ring of 4, and three plants of 
the latter type had 7 pairs of chromosomes. These data, while extremely 
meagre, indicate that the 5 locus is independent of the ring of 4 chromo- 
somes. 

Both the ring of six chromosomes and the ring of four are invariably 
associated with the nucleolus. That the nucleolar chromosome does not 
contain the 5 locus is shown by the inheritance of the ring of four. 

THE INHERITANCE OE MALE-STERILE 

The 1936 culture previously discussed also segregated for male-sterile. 
In the male-sterile plants, meiosis proceeds normally, but the pollen 
grains produced are small and deficient in starch content and the anthers 
fail to dehisce. 

Of the 20 plants in the 1936 culture, 5 were male-sterile. One of these be- 
longed to type C (5 i 53), four to type A (5i53). Intercrosses between normal 
sibs showed that male-sterile is a simple recessive and that several of the 
normal plants were heterozygous for the gene (ms) involved. A B-type 
plant (5354) writh a ring of 6 chromosomes and heterozygous for ms was 
backcrossed to an A-type (5i52) male-sterile. Of the offspring carrying 5 s, 
14 were normal and 6 male-sterile; of the progeny carrying 54, 2 were 
normal and i male-sterile. These results indicate that ms is independent 
of the 5 locus and of the ring of 6 chromosomes associated with 54. 



202 


STERLING EMERSON 


SUMMARY AND CONCLUSIONS 

Self-incompatibiKty in Oenothera organensis is governed by a series of 
multiple allelomorphs in the same manner as in Nicotiana (East and 
Mangelsdorf, 1925). Pollen carrying any particular allelomorph fails to 
produce normally developing pollen-tubes in any style also carrying that 
allelomorph. The scheme was proved to hold for Oe. organensis first by 
progeny tests and secondly by tests of pollen-tube development in the 
tissues of the style and stigma. 

The failure of seed production proved to be an unreliable criterion for 
determining cross-incompatibility, but direct tests of pollen tube develop- 
ment within the stigma proved entirely satisfactory. These results suggest 
that certain of the complications observed by Sirks (1926) in Verbascum 
and by Sears (1937) in Brassica may have been due to the inadequacy of 
the seed-set test for determining cross-compatibility. 

The examination of pollen tube development directly within the stigma 
has a further advantage in that progeny tests are rendered unnecessary in 
establishing genetic constitutions. 

In the studies to date, eleven allelomorphs have been established. Three 
of these were found only in material from Modoc Waterfall, seven only in 
material from Dripping Springs. Only one allelomorph occurred in both 
samples. An extensive test of the distribution of allelomorphs in the 
native populations is now under way. 

Other characters studied in Oenothera organensis were chromosome con- 
figurations and male-sterility. Translocations involving three chromo- 
somes are associated with allelomorph ^4 so that all combinations between 
Sa and Si, S^ and St have a ring of six chromosomes. All possible combina- 
tions between S\, Si and St have normally pairing chromosomes. A ring 
of four chromosomes appearing in a single plant proved to be independent 
of the 5 locus. Since both the ring of six and the ring of four are invariably 
associated with the nucleolus, S cannot be carried by the nucleolar chromo- 
some. Male-sterile (ms) proved to be a simple recessive independent of the 
5 locus and of the ring of six. 

literature cited 

Buchsolz, J. T., 1931 The dissection, staining and mounting of styles in the study of pollen tube 
distribution. Stain Tech. 6: 13-24. 

East, E. M., and Mangelsdort, A. J., 1925 A new interpretation of the hereditary behavior of 
self-sterile plants. Proc. Nat. Acad. Sci. 11: 166-171. 

Sears, E. R., 1937 Cytological phenomena connected with self-sterility in the flowering plants. 
Genetics 22 : 130-181 . 

Sirks, M, J., 1926 Turtlier data on the self- and cross-incompatibility of Verbascum phcsniceum, 
Genetica 8: 345-367. 



SEX DETERMINATION IN A “BISEXUAL” STRAIN 
OF SCIARA COPROPHILAi 


J. PAUL REYNOLDS 

Birmingham-Southern College, Birmingham, Alabama 
Received November i, 1937 
INTRODUCTION 

T he present investigation is concerned with a study of sex determina- 
tion in a strain giving bisexual progenies which was derived from a 
species of fungus-gnat {Sciara coprophila) that typically gives only uni- 
sexual progenies. Previous studies have shown that in the species copro- 
phila the sex of the individual fly is typically dependent upon the type of 
elimination of entire chromosomes from nuclei in the developing embryo, 
and that the type of elimination apparently depends upon the zygotic 
chromosome complex of the female parent. Hence, each female gives a 
unisexual progeny. In the bisexual strain of this species, a single female 
gives both sons and daughters, indicating that not only is sex dependent 
upon the zygotic chromosome constitution of the mother, but that some 
other factor enters in as well. Occasional progenies in the bisexual line 
were unisexual (male). This point will be discussed later. It seemed prob- 
able that a thorough investigation of this case might throw light on chro- 
mosome behavior and the sex problem in Sciara, and also on the general 
problems of sex determination. 

Metz has used the terms monogenic and digenic to designate the two 
types of reproduction found in species of the genus Sciara. Females of the 
former type produce unisexual progenies, and those of the latter type, 
bisexual. The use of the terms is carried still further here to designate the 
t3rpe of individual female, that is, a producer of a unisexual progeny is 
called a monogenic female, and one producing a bisexual progeny, digenic. 

The earlier genetic and cytological studies on Sciara have been carried 
out in recent years by Metz and his associates. They have shown that 
genetically a female of a monogenic strain may have either of two chromo- 
some constitutions. Her sex chromosome constitution may be X'X or XX. 
Flies with the former sex chromosome constitution are female-producing 
females, giving the two kinds of daughters in about equal numbers, while 
flies with the XX chromosome constitution are male-producing females. 
The evidence (Metz and Moses 1928; Metz and Smith 1931; Metz 
1931a; Metz and Ullian 1929; Metz and Schmuck 1929a, ig29b) in- 

^ A dissertation submitted to the Board of University Studies of The Johns Hopkins Univer- 
sity in conformity with the requirements for the degree of Doctor of Philosophy in the Depart- 
ment of Zoology, 1934. 
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dicates that all sperms are alike. Hence the sex of the progeny as a whole 
is dependent upon the zygotic chromosome constitution of the mother. In 
table I the mode of sex ratio determination is represented. 

Table i 

Scheme of sex ratio determination in Sciara. 

9 -producing 9 o’ cf-producing 9 

X'X X XX 



The sex of the individual fly depends finally upon the type of chromo- 
some elimination which takes place during the early cleavage divisions of 
the developing embryo. The chromosome complex of the fertilized egg, 
whether it is to develop into male or female, is a small pair of V’s, two 
pairs of rods, and a third rod of which there are three homologous members. 
Two of these three rods were brought into the fertilized egg by the sperm 
and are known to be sister halves of the maternally derived X in the male 
producing the sperm. In developing eggs from X'X females one of these 
sister halves of the X chromosome brought in by the sperm is eliminated 
(seventh or eighth cleavage division) from the soma cells and retained at 
least for a time by the nuclei making up the primordial germ cells. This 
leaves the soma with a pair of sex chromosomes. In developing eggs from 
XX mothers both sister halves of the sex chromosome from the sperm are 
regularly eliminated from the soma cells, leaving the soma XO in con- 
stitution. Eggs after such elimination develop into males. 

In addition to the three pairs of autosomes and the X chromosomes there 
is a variable number, often a pair (but sometimes only one and sometimes 
three) of large V-shaped chromosomes which are carried by the germ cells. 
Since they are limited to the germ line, Metz has termed them the ^^limited^^ 
chromosomes. These are regularly eliminated from the soma. Apparently 
they play no significant part in sex determination and will, therefore, be 
disregarded. 

Occasionally exceptional females appear in a male progeny and likewise 
exceptional males may appear in a female progeny. Under ordinary condi- 
tions such an exceptional female in a male progeny would have only the 
usual type of X and would certainly not carry the X' factor. The bisexual 
line arose from one of these exceptional females. 

Metz (laboratory notes) found that digenic females gave three classes 
of sons — suggesting the presence of three X chromosomes, Cytological 
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observations, however, revealed only two X chromosomes in ovarian cells. 
Since at that time nothing was known of chromosome elimination, the 
latter evidence was considered as conclusive indication that the digenic 
females were not XXX. 

Dr. Helen Monosmith Pearson (unpublished data) made a study of 
this strain and suggested that each digenic female is a mosaic, from 
fertilization by two sperms, which could thus bring in two different X 
chromosomes. Later discovery of chromosome elimination put a new light 
on the subject and led to the present investigation. 

MATERIALS AND METHODS 

The material for the present investigation was a bisexual line obtained 
from Dr. C. W. Metz. Mutant stocks with which the flies were tested 
genetically were furnished from the same laboratory. 

The flies were reared in glass vials ten cm in diameter. The cultures 
were kept at about 24°C. Evaporation from pans of water set in the 
chamber supplied sufficient moisture. The culture methods are those used 
by Dr. Metz and his colleagues in their work with Sciara (Smith-Stock- 
ing 1936). 

Genetic methods 

The results from Dr. Metz’s laboratory which were at hand when this 
investigation was started in the spring of 1932 showed clearly that the sex 
chromosome was involved in the mechanism effecting the digenic repro- 
duction. The results of the crosses of digenic females with truncate males 
had shown that the chromosome carrying the gene for tnmcate was not 
responsible for the bisexuality. 

To test the other two linkage groups virgin females of the bisexual line 
were mated to males showing mutant characters, the genes for which are 
carried in one or the other of these two remaining chromosomes. Experi- 
ments were carried out with each of the two remaining linkage groups so 
that each of the two chromosomes was replaced in the bisexual strain by 
chromosomes from a monogenic line. 

The sex chromosomes in the digenic females were replaced by X chro- 
mosomes carrying recessive mutant genes. If any one of these chromosomes 
was in any way responsible for the bisexuality of the line, it would not be 
possible except by intervention of crossing over to substitute completely 
chromosomes from the unisexual strains and to have the bisexuality con- 
tinued. More details in reference to these tests will be brought out in the 
results. 

Cytological methods 

The cytological studies were made on whole eggs mounted in balsam. 
The technique used was developed in this laboratory in connection with 
the Sciara work (Schhuck and Metz 1931). 
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In order to get eggs in the desired stages of development, a special 
method of inducing flies to lay their eggs at a desired time was developed. 
Mated females were put into small glass vials which were one-third full of 
solidified agar-agar solution. After the agar-agar had shrunken away from 
the sides of the vial, the female, now two or three days old, was induced 
to crawl in between the agar-agar and the side of the glass vial, while the 
former was held back with a dissecting needle. The needle was then re- 
moved and the pressure of the agar-agar block on the thorax of the fly 
induced her to lay the eggs promptly. With this controlled method it was 
easy to get an abundance of eggs in any stage of development. (The eggs 
in Sciara are fertilized at the time of laying.) Eggs were fixed in Carnoy's 
I : I : I mixture. These were stained with fuchsin sulfurous acid (Feulgen’s 
^^Nuclealfarbung”)- The staining technique as given by Lee (Ninth edi- 
tion, page 437) was followed. The eggs were partially hydrolized in iN 
HCl at 60° C for ten minutes. They were washed then in SO2 water for 
three to five minutes, dehydrated, cleared with xylol, and mounted in 
balsam. It was necessary to leave the stained eggs in 80 percent alcohol 
overnight in order to remove the stain from the cytoplasm. After fixation 
and washing, the eggs were packed into Drosophila pupa skins to be carried 
through the various fluids. They were removed from the pupa skins in 
the balsam on the slide. The nuclei of the maturation divisions lie near 
the surface of the egg. By rolling the egg, effected by pushing the cover slip 
with a dissecting needle, the chromosome group could be viewed from 
various angles, 

EXPERIMENTAL RESULTS AND DISCUSSION 

As mentioned previously the autosome carrying the mutant gene trun- 
cate was shown by Metz and Pearson not to play any part in the mecha- 
nism affecting bisexuality in the bisexual strain. Tests were made to ascer- 
tain whether or not either of the other two autosomes was responsible for 
the bisexuality of the line. The dominant gene Blister is carried in one of 
these autosomes and Curly, also dominant, in the other. 

Virgin females from the bisexual line were out-bred to males from a 
monogenic line carrying Blister. All Fi flies showed, of course, the mutant 
character. When such Fi mutant females were out-bred to wild type males 
from a monogenic line, bisexual progenies were obtained showing wild type 
and Blister flies. In these mutant flies in the second generation both the 
chromosomes carrying Blister and its homologue were derived from mono- 
genic lines. The digenic reproduction was retained and continued through 
at least two more generations at which time the lines were discontinued. 
Similar experiments with Curly showed conclusively that the chromosome 
cariying this gene could be entirely replaced with monogenic line chromo- 
somes without interfering with the digenic reproduction. 
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From these results it may be concluded that only the sex chromosome 
need be taken into consideration. 

Genetic evidence for trisomic germ line in digenic females 

Evidence from genetic experiments shows that three X chromosomes are 
carried in the germ line of digenic females in the bisexual strain. Three 
recessive sex-linked mutant stocks were used in these experiments, swollen, 
round and miniature. Virgin females from the bisexual line were bred to 
males of one of the mutant stocks. Fi virgin females were bred to males of 
the second mutant stock, and similarly F2 virgin females were out-bred to 
males of the third mutant stock. 

Wild type females in third generation progenies giving three classes of 
males (wild type, round, and swollen) were bred to swollen males. These 
swollen males came out of the experiments (male progenies), hence were 
not directly from a monogenic stock. Most of the progenies from these 
females again showed three classes of males, representing three possible 
combinations of three classes. They were wild type, round, miniature; 
wild type, swollen, miniature; and round, swollen, miniature. These results 
show conclusively that three X chromosomes were carried in the germ 
lines of the digenic mothers. The bisexual progenies showing these results 
are given in table 2. 

Cytological evidence for the trisomic germ line in digenic females 

The best picture of the chromosomes is found in the early part of the 
second maturation division. At this time the first polar body chromo- 
somes are intact and the number of chromosomes in the germ line of the 
female can be ascertained. 

Since it is seen from the genetic experiments that three sex chromosomes 
are being carried in the germ line of the digenic females, and since the evi- 
dence indicates that the sex chromosome in coprophila is one of the rods, 
an extra rod was expected in these eggs. Many eggs were examined and the 
extra rod was found. It will be remembered that the diploid number of 
chromosomes in the monogenic female is eight. In addition to the ‘^limited^’ 
chromosomes there are one pair of small V’s and three pairs of rods. Figure 
la shows a drawing of the chromosomes in the second oocyte, and figure 


(a) (b) 

Figure i. — Chromosomes in second oocyte (a) and in first polar body (b) in one egg from a 
digenic female. Only the upper group of split chromosomes is represented. Feulgen preparation. 

ib, those in the first polar body in a single egg from a digenic female. 
These are, of course, haploid groups. The chromosomes are already split 
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Table 2 




Bisexual progenies showing three classes of males f representing three X chromosomes in the 

germ line of mothers. Progenies are , 

grouped according to classes of males. 

(a) Wild t3npe (-1-), round (r), and miniature {m) males. 
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(b) Wild t3^e (+), swollen {s), and miniature (m) males. 
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(c) Round, swollen, and miniature males. 
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for the next division, but only the upper set in each case is shown here. It 
will be noted that the small autosomal V appears in both figures, la and 
ib, but there are four rods in the oocyte figure and only three in the polar 
body. The extra rod seemed to pass at random into the polar body or into 
the second oocyte, as concluded after examining many eggs from a single 
female. In eggs from this digenic female only one limited chromosome was 
to be found. As is usual in coprophila, it was found to go either into the 
first polar body or into the second oocyte. In figure la it is with the five 
chromosomes in the second oocyte. In figure 2b it is seen with the five other 
chromosomes in the first polar body. Figures 2a and 2b were made from 
the second oocyte and the first polar body respectively, of another egg 
from the same female whose egg chromosomes are represented in figure i. 
Here the two sex chromosomes (two of the rods) are passing out into the 
polar body, leaving one in the second oocyte, and hence one in the female 
pronucleus. Only the upper groups of the split chromosomes are repre- 
sented. 


^ .A. 

(a) (b) 

Figure 2 . — Chromosomes in second oocji:e (a) and in first polar body (b) in one egg from the 
same digenic female. Only the upper group of split chromosomes is represented. Feulgen prepara- 
tion. 

Selective segregation 

The data obtained from experiments in which digenic females from 
successive generations were out-bred to mutant males from a monogenic 
stock seem to indicate that selective segregation obtains to an appreciable 
degree. Virgin digenic females were mated to males from a monogenic 
stock transmitting the mutant character round. Likewise virgin females 
from the first generation progenies were backcrossed to swollen males 
from a monogenic stock. Digenic females from these second generation 
progenies were out-bred to miniature males from monogenic stocks. The 
second generation progenies are recorded in table 3, third generation prog- 
enies in table 4 and fourth generation progenies are given in table 2. 

From table 3 it is seen that only 19.46 percent of the second generation 
males showed the character round. Since round is sometimes carried con- 
cealed this percentage is undoubtedly a little low. But even after allowing 
for this inaccuracy the number of mutant males is still small for a random 
segregation of the three sex chromosomes carried in the germ line of the 
mothers of these flies. The character swollen, however, always shows in 
homozygous condition, and, as is evident in table 4, selective segregation 
obtains in maturation of eggs from digenic females carrying three distinc- 
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tive chromosomes, tagged with the wild type, round and swollen genes 
respectively. Here only 22.55 percent of the males in the third generation 
showed the swollen character. The class of miniature males in the fourth 
generation is not appreciably smaller than the other classes. However, out- 
breeding to miniature constituted the third successive generation in which 

Table 3 


Bisexual progenies from heterozygous round, females mated to 
swollen males from a monogenic stock. Generation 2 . 
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digenic females from this line of experimentation were bred to monogenic 
stock males. 

This t3^e of behavior suggests that at maturation of the eggs synapsis 
between and separation of the two maternally derived chromosomes more 
often occurred, so that the paternally derived one, represented by the 
small class of males, more often accompanied one of the other two. In 
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19 to 22 percent of the cases, however, synapsis between and separation 
of the paternally and one of the maternally derived chromosomes took 
place, the other maternally derived X accompanying the latter, so that 
whatever force was at work here in bringing about this selection w^as not, 
by any means, absolute. 

If selective segregation should account for a small class of males, the 
reciprocal class of females should also be small. So far as the evidence 
goes, the small classes of females support the hypothesis of selective seg- 
regation of the two maternally derived chromosomes. 


Table 4 

Bisexual progenies from females, recorded in table 3 , mated to 
miniature males from a monogenic stock, Generatian 3 , 
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The question is, what difference was there between the chromosomes of 
paternal derivation and the other two, maternally derived, or what 
similarity existed between the two of maternal derivation to cause this 
greater attraction of the two maternal chromosomes for each other. It 
seems that the most obvious difference is that for at least two generations 
the two maternally derived chromosomes had been together and subjected 
to the same cytoplasmic influences, while that from the father had been 
in this same environment for only a single generation. This might well 
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be sufficient to bring about a greater similarity and hence greater attrac- 
tion between the two maternally derived X’s. Since selective segregation 
against paternally derived chromosomes obtains completely in the first 
maturation division of male germ cells in Sciara (Metz 1927), it is not sur- 
prising that such selection as is described in the maturation of eggs in the 
trisomic germ line of digenic females should be found. 

Why, in the fourth generation progenies (table 2), there seemed to be 
no particular selective segregation can be explained by the same sort of 
argument. After repeated out-breeding the environment in the cytoplasm 
of the germ line of the digenic female may not have been unique and suffi- 
ciently different from that found in the germ line of the monogenic males, 
so that no two chromosomes would come to be more similar and attractive 
to each other than any other two. 

Bisexual factor 

It has been mentioned that some females in the bisexual strain revert to 
male producers. This has been particularly true at certain times of the 
year, usually in midsummer and again in midwinter. It was observed that 
females in bisexual progenies which showed a mutant character were al- 
most invariably monogenic. This fact suggested, after a trisomic condition 
in the germ line of digenic females had been demonstrated, that a gene 
carried in one of the original sex chromosomes of the bisexual strain was 
responsible for the retention of the trisomic condition. 

To test this point digenic females were out-bred to swollen males from a 
monogenic stock. All flies of the first generation were wild type. Virgin 
females from these progenies were backcrossed to swollen males and gave 
in bisexual progenies wild type females and wild type and swollen males 
in the second generation. The males appeared in a ratio of two wild type to 
one swollen, with the swollen class deficient in number. More than two- 
thirds of these wild type females from the second generation, backcrossed 
again to swollen males from a monogenic stock, gave bisexual progenies 
consisting of wild type and swollen females and males in the approximate 
ratio of 2 : 1 and i : 2 respectively. Such a group of progenies is recorded in 
table 5. 

Since the wild type females in such a progeny were digenic for the most 
part and the swollen females were monogenic, it was postulated that a 
bisexual factor in the wild type chromosome effected the retention of the 
trisomic condition of the germ line. To test this point further it was neces- 
sary to obtain by means of a crossover a bisexual line in which the bi- 
sexuality was linked with a definite mutant character. Such material was 
at hand in two all-swollen digenic lines which had been obtained in the 
course of the experiments and also in the bisexual progenies showing three 
classes of mutant males. 



SEX DETERMINATION IN SCIARA 


213 

To ascertain in whicli of three sex chromosomes in the females repre- 
sented in table 3c the bisexual factor might be carried, virgin females 
from these progenies were mated to wild type males from a monogenic 
stock and to the various mutant brothers. The mother of these progenies 
had mated to swollen males which came from male progenies in the vari- 
ous lines of the experiments. In the next generation 29 out of 51 progenies 
were bisexual. Here round, swollen and miniature females appeared as 
well as wild type females. These mutant and wild type females were again 
mated to wild type males from a monogenic stock and to the various 
mutant brothers. Only wild type and swollen females gave bisexual prog- 
enies in the next generation, and with one exception, all progenies from 
wild type females contained a class of swollen males. Many of these 

Table 5 

Bisextial progenies from heterozygous swollen females from seco'nd generation progenies, 
hacker ossed to swollen males from a monogenk stock. Generation 3. 
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bisexual progenies did not contain round and many did not contain a 
miniature class of males. No bisexual progeny was obtained from round 
or miniature females in any lines of the experiment. Since the bisexual 
factor must have been carried in one of the mutant chromosomes, and since 
swollen was the only mutant character common to all bisexual progenies 
(with the one exception), it may be concluded that the bisexual factor 
was now linked with that for swollen. The one exception to this was a 
progeny containing 44 wild type females, 16 wild type males, 12 round 
males and 18 miniature males. Sisters of the female giving this progeny 
gave bisexual progenies with a class of swollen males; therefore, her 
mother carried the swollen chromosome and hence the bisexual factor, if 
this chromosome was the one which carried the factor. This bisexual 
progeny may be accounted for in one of two ways: either, another cross- 
over had occurred so that the bisexual factor was now carried in the wild 
type, round or miniature chromosome; or, without the presence of the 
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bisexual factor the tendency for the third sex chromosome to be eliminated 
from the germ line was not great enough to effect the elimination. 

The second explanation brings up another point in connection with the 
effect of the bisexual factor. It will be recalled that many females in stock, 
particularly at certain times of the year, revert to male-producers. In the 
course of this investigation, females, known to carry the bisexual factor, 
were found to produce male progenies. We must postulate, then, another 
factor which affects the trisomic condition of the germ line, and which is 
opposed to the effect of the bisexual factor. This is a tendency for one of 
the three X^s to be eliminated from the germ line. Whether this is a gen- 
eral tendency of the cytoplasm to reduce the triplo-X state or whether 
there are modifying factors in other chromosomes which oppose the bi- 
sexual factor in the X is not known. At any rate, such a variable tendency 
must be effective. If this tendency is high, the third X chromosome may 
be eliminated from the germ line of potentially digehic females in spite of 
the presence of the bisexual factor; or if it is low, the elimination may not 
occur when the bisexual factor is absent. The fact that many male prog- 
enies are produced in two seasons of the year indicates that the variation 
of the strength of this tendency may be correlated with the seasons, being 
highest in mid-summer and in mid-winter. The tendency must have been 
low in the following instance: a swollen female, from a progeny showing 
wild type and swollen females and wild type and swollen males in the ratios 
of 28 : 13 and 10:15 respectively, gave an all-swollen, bisexual progeny with 
51 females and 51 males. All the females tested from this progeny gave 
typically male progenies. Here we may conclude that the tendency for elim- 
ination of the third X from the germ line of the mother of this all-swollen, 
bisexual progeny was not high enough to eliminate it even in the absence, 
of the bisexual factor, but that such a tendency did effect the elimination 
in her daughters. 

Swollen females from two other all-swollen, digenic lines, already men- 
tioned, were mated to wild type males from a monogenic stock. They gave 
only swollen offspring (with occasional wild type daughters) . The results 
in later generations seemed to indicate that the bisexual factor was now 
linked with swollen. The evidence at hand then seems to support strongly 
the hypothesis of the bisexual factor and the opposing tendency for the 
elimination of the third sex chromosome from the germ line of the digenic 
females. 

It has long been known that males from the bisexual strain may be 
mated to monogenic females without showing any apparent tendency to 
transmit the bisexual factor. This behavior would be expected, however, 
since the factor is ineffective unless it appears in the female whose germ 
line already carries three X chromosomes. Such females are found normally 
in the bisexual strain and not in the monogenic lines. 
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Unisexual progenies 

It has been stated previously that females in the digenic line may revert 
to male producers. Such females appear in too great numbers to be classed 
as ordinary exceptional females in male progenies. Male progenies from 
such females always show two classes of males, indicating that, some time 
after the fertilization of the XX egg which produced the mother of the 
male progeny, one of the three sex chromosomes must have been elim- 
inated from the germ line. Almost without exception the chromosome 
eliminated was one of the maternally derived chromosomes, that is, the 
male-producing female al-ways gave a class of males representing the sex 
chromosome from her father, the other class of males representing either 
one of the two maternally derived chromosomes. 

Very rarely in the bisexual stock a female progeny appears. In the ex- 
perimental lines of this investigation 19 definitely female progenies were 
obtained from females in bisexual progenies. This is 19 out of 984 progenies 
a percentage of 1.9, which is probably no greater than would be found in 
as many progenies in the bisexual stock. Previous tests of females from 
female progenies (notes from Metz’s laboratory) shovred that they were 
all unisexual producers. Most progenies obtained in these tests were male, 
but occasionally a female progeny was again obtained. The females in 
these second unisexual progenies were, however, male producers. From 
one of the female progenies obtained in these experiments (82 females: 14 
males) 1 1 females were bred and gave three female and eight male prog- 
enies. Six females from one of these latter female progenies (45 females: 2 
males) gave three typically bisexual and three male progenies. Daughters 
of these digenic females were bred and gave many bisexual progenies. The 
question arose as to why an occasional female in the digenic line would be 
a female producer. No adequate explanation has been found. The follow- 
ing possibility may account for such behavior: in the maturation of germ 
cells from the mother of a female progeny selective segregation may 
prevail so that always a single X chromosome is thrown off in the first 
polar body leaving two in the egg. 

This possibility is somewhat borne out by the fact that a few male prog- 
enies were obtained that showed three classes of males. In these cases 
the reverse would have taken place leaving always the one X in the second 
oocyte. One male progeny consisted of 30 round, 8 miniature, 40 round- 
swollen, and 3 swollen flies. The mother must have been carrying round, 
miniature, and round-swollen. The three swollen males may have carried 
round concealed. Miniature came from the grandfather and the small size 
of this class was undoubtedly due to selective segregation, which usually 
prevails in digenic females out-bred to a monogenic stock. Other male 
progenies appeared to have come irom females with germ lines carrying 
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three X’s, but in them three classes of males could not be identified ab- 
solutely. Suggesting further that selective segregation may obtain, it is 
not at all uncommon to find bisexual progenies which show sex ratios ap- 
proaching I :o or o: I. An examination of sex ratios in progenies in table 2 
shows that, when three classes of males are identifiable, the sex ratios may 
show an excessively large percentage of females or of males. It is not in- 
tended here to draw any conclusions concerning the reasons for obtaining 
female progenies, but rather to suggest the above possibility and to present 
the evidence at hand. 

Chromosome elimination from somatic cells 

The fact was mentioned earlier that in both females and males in the 
bisexual line the paternal sex chromosomes (two sister halves of the ' ^pre- 
cocious’’ chromosome) are eliminated from the somatic cells in early de- 
velopment. (This is the case also in the developing males in monogenic 
lines.) The fact that practically no swollen females were found in prog- 
enies from heterozygous swollen mothers, backcrossed to swollen, indi- 
cated this. Further evidence for this point was obtained from the progenies 
of digenic swollen females mated to wild type males. Table 6 shows a 

Table 6 

Progenies from four digenic swollen females mated 
to wild type males, 

9 cT 


+ 

5 

+ 

5 

0 

6 

0 

9 

3 

9 

0 

38 

I 

23 

0 

27 

I 

20 

0 

27 

S 

S8 

0 

115 


series of such progenies. Here almost all the females were swollen and the 
two swollen chromosomes in the somatic cells must have been of maternal 
ori^. Since it is known that the digenic female has three sex chromosomes 
in her germ line, this seems to be the most valid interpretation. Without 
this knowledge the plausible explanation would be on the basis of non-dis- 
junction. Some indication of non-disjrmction was foxmd in a few cases in 
the course of the investigation, but these were rare. 

From table 6 it is seen that five out of 63 females were wild type. One 
of two things may have happened to account for these wild t3^e females. 
Either they came from one-X eggs and are, therefore, comparable to ex- 
ceptional females in a male progeny, or they came from two-X eggs and 
one of the maternally derived X chromosomes was eliminated instead of 
of the usual paternal one. 
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Origin of the bisexual line 

It has been shown by Bridges (1913) and others that non-disjunction 
of the X chromosome may occur in the maturation of the egg in Dro- 
sophila. As a result of this the female pronucleus contains two sex chromo- 
somes instead of the usual one and when such an egg is fertilized by an 
X-bearing sperm, three X^s are to be foimd in the fusion nucleus, a condi- 
tion referred to as triplo-X. When such a fertilized egg develops, a rare 
occurrence in Drosophila, a superfemale is produced. The soma, as well as 
the germ line, is trisomic. 

In the case of Sciara, where elimination of the paternal X’s (sister 
derivatives of the ‘'precocious” chromosome) from the somatic cells regu- 
larly takes place in eggs from XX females, which normally develop into 
males, and where one of these sister derivatives is regularly eliminated 
from the germ line, non-disjunction would bring about a three-X condition 
of the germ line, but the soma would contain two sex chromosomes of 
maternal origin, and would, therefore, be female. Although elimination 
of one of the paternally derived X^s from the germ line has not yet been ob- 
served, one of these must be throwm out sometime during development. 
In order that, after non-disjunction, the two maternally derived X’s and 
one of the paternally derived ones should be kept in the germ line, it seems, 
from the results of the present investigation, that the bisexual factor must 
be present in one of the sex chromosomes; otherwise one of the three X 
chromosomes is eliminated from the germ line, reducing the number to 
the usual two. Likewise it seems that if the bisexual line arose as a result 
of non-disjunction, the bisexual factor was carried in at least one of the 
X^s of the original female. 

Sex determiimtion 

In developing eggs from XX (not X'X) females in the monogenic lines 
of Sciara coprophila the two sister derivatives of the “precocious” chromo- 
some are regularly eliminated, leaving the soma with one X, and, therefore, 
a male develops. It has been shown by this investigation that the usual 
type of elimination in eggs from XX females, that is, elimination of 
both halves of the “precocious” chromosome, prevails in developing em- 
bryos from digenic females of the bisexual line, whether these embryos 
are developing as females or as males. Since this type of elimination in the 
monogenic line brings about the development of the male, and since in 
the digenic line after the same type of elimination females as well as males 
regularly develop, it must be concluded that the sex of the individual here 
is dependent upon not only the type of elimination, but some other points 
as well. 

In the course of this investigation it has been shown that the digenic 
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females carry three sex chromosomes in their germ lines, two of maternal 
origin and one of paternal origin. At maturation two types of ovotids are 
formed, one with two X chromosomes and one with one X. Females, then, 
develop after fertilization of ovotids which have two X chromosomes. It 
may, therefore, be concluded that in the digenic line the type of matura- 
tion, that is, whether one X or two X’s appear in the ovotid, influences the 
sex of the resulting individual, 

Metz (1934) has suggested that the two sister derivatives of the ^^pre- 
cocious’’ chromosome brought into the egg by the sperm may be func- 
tionally different, that one may have been altered during the second 
spermatocyte division, when it was mechanically distorted, so that in the 
development of the fertilized egg it may function as a ^^Y.” He suggested 
that in the germ line of developing male embryos the altered X (now a 
functional is retained, the unaltered one being eliminated, and that 
development of the testes depends on the chromosome constitution left, 
that is, X‘‘Y”. In the female embryos one of these sister derivatives of 
the “precocious” chromosome is eliminated from the female somatic cells, 
and Metz suggested that the one eliminated from the germ line may be 
identical with that eliminated from the soma, although the elimination 
from the germ line is much later in ontogeny. In the case of the female, it is 
suggested that the unaltered X or derivative of the “precocious” chromo- 
some is retained both in the soma and in the germ line. If this be the 
true interpretation, the germ line and soma differentiate independently of 
each other as has been found to be the case in most insects. 

The question arises as to what determines which of these two sister 
derivatives of the “precocious” chromosome is to be eliminated from the 
germ line; is it the same factor which controls the elimination from the 
soma, namely the zygotic chromosome constitution of the mother, or 
since elimination from the germ line is subsequent to that from the soma, 
is the chromosome constitution of the soima after elimination the control- 
ling factor? If the type of elimination from both soma and germ line in 
males of the monogenic lines depends upon the same factor, namely the 
XX (not X'X) chromosome complex of the mother, then in the digenic 
line where the same type of elimination from somatic cells takes place in 
both females and males, the same derivative of the “precocious” chromo- 
somes would be expected to be retained in the germ line of both sexes. If 
it is the altered half which is retained in the male, the one kept in the 
germ line of the female should also be the altered one. Yet this paternally 
derived X in the germ line of these digenic females acts as an ordinary X 
and not as a “Y,” as indicated by its later behavior. 

If, therefore, the two halves of the ^^precocious” chromosome are func- 
tionally different, it seems probable that the constitution of the soma after 
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elimination is the controlling factor determining which half is to be re- 
tained in the germ line. Since this differential idea was proposed to account 
for independent differentiation of the germ cells, it seems unnecessary if 
the type of elimination of chromosomes depends on the somatic chromo- 
some constitution. 
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SUMMARY 

1. The germ line of the digenic females carries three sex chromosomes 
instead of the usual two. 

2. At maturation two kinds of eggs are formed, one with two X chromo- 
somes and the other with one. After fertilization, eggs of the former type 
develop into females and those of the latter type into males. 

3. During the development of these three-X females the same type of 
elimination occurs as is found in the developing males from the XX male- 
producing females in the monogenic Hne; that is, the two sex chromo- 
somes brought into the egg by the sperm are eliminated from the somatic 
cells and one is eliminated from the germ line of both males and females 
in the “bisexual” line. 

^ 4. There is a factor, the bisexual factor, in at least one of the sex 
chromosomes of the digenic female which is responsible for the retention 
of the trisomic (XXX) condition of the germ line. 

5. There is a tendency for the third chromosome to be eliminated from 
the germ line of digenic females, which tendency opposes the effect of the 
bisexual factor. 

6. At maturation of the eggs of the digenic female there is a tendency 
for synapsis to occur between the two maternally derived chromosomes. 
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INTROBtJCTION 

T here are two methods by which chromosome and gene homologies 
can be studied: direct cytological examination, especially with the 
giant salivary gland chromosomes, and comparison of genetic chromosome 
maps. The first method is limited to those species which can be crossed 
and which produce viable offspring. Recent examples of the application 
of this method are the comparisons of salivary gland chromosomes of 
hybrids between Drosophila pseudoobscura and D, miranda (Dobzhansky 
and Tan 1936 ), and of D. azteca and D. athabasca (Dobzhansky and 
Bauer 1937) . In species which cannot be crossed it is possible to apply only 
the genetical method. This involves establishing the homology of corre- 
sponding genes by the similarity of their phenotypical effects, and by com- 
parison of their positions relative to other homologous neighboring genes. 
Attempts at such comparison were made early in Drosophila genetical 
work (Morgan, Bridges and Stubtevant 1925 ). More recently Donald 
( 1936 ) and Sturtevant and Tan (1937) have used this method to make 
a detailed comparison of the linkage maps of D, melanogaster and Z?. 
pseudoobscura. The homology of genes in these species is based only upon 
the phenot3rpic effect. In a number of instances the comparisons are com- 
plicated because different genes produce similar effects. 

We pointed out recently (1937) that the study of the reaction of eye 
discs in transplantation experiments can give useful information, especially 
for differentiating those genes which produce phenotypically similar ef- 
fects. If in transplantation experiments the behavior of two genes is es- 
sentially the same, it may be concluded that they are homologous. 

We have already established (1937) the homology of the genes ^^orange” 
Z>. pseudoobscura and cinnabar” D. melanogaster, “vermilion” D. pseudo- 
obscura and “vermilion” D. melanogaster, and “claret”!?, pseudoobscura and 
“claret” D, melanogaster. It was pointed out that the two species differ 
quantitatively but not qualitatively in the reaction of implanted “wild 
type” anlagen. The behavior was always consistent with the supposition 
that D, pseudoobscura supplies less and cn'^ substances than does D. 

^ Fellow of the Rockefeller Foimdation. 
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melanogaster. This is related to the fact that ^^wild type’^ D, pseudoohscura 
behaves in a manner identical to that of the recessive gene ^^clot” of D, 
melanogaster. We concluded that the gene “clot’’ or one similar to it is 
homozygous in D. pseudoohscura and is replaced in D. melanogaster by its 
“wild type” allele. 

The present paper presents data obtained from intra- and inter-specific 
transplantation. It provides further evidence in support of the above con- 
clusions and a general account of the behavior of all known eye color 
genes in D. pseudoohscura. On the basis of the new data we have estab- 
lished the homology of the known eye color genes in D. pseudoohscura and 
D. melanogaster. 


METHODS AND MATERIAL 

The methods used are described in our previous paper (1937). We have 
shown there that the difference in time of development of the two species 
is immaterial to the results obtained, as the host controls the period during 
which the implant undergoes pigmentation. The list of eye color mutants 
used in the present study is given here in alphabetical order with the stand- 


ard mutant S3niibols: 

D. pseudoohscura 
ca — claret 
cn — cinnabar 


mg — magenta 
or — orange 

p^ — pink-2 (pink-allele) 
rb — ruby 
se — sepia 
st — scarlet 
V — vermilion 
w — white 

— eosin (white allele) 
d — “wild type” D. pseudoohscura 
(Texas, race A) 


D. melanogaster 
hw — brown 
ca — claret 
car — carnation 
cd — cardinal 
cl — clot 
cm — carmine 
cn — cinnabar 
g — garnet 

En"^ — Henna"* (recessive allele of Hn) 
p — pink 

p ^ — peach (pink allele) 
rb — ruby 
se — sepia 
st — scarlet 
V — vermilion 
w — white 

— eosin (white allele) 
w°‘cn — apricot (white allele) cinna- 
bar (double recessive) 

— apricot vermilion (double 
recessive) 

d — “wild type’^ D. melanogaster 
(Oregon-R-c) 
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Descriptions of these mutant genes are given by Morgan, Bridges and 
Sturtevant (1925) for D, melanogaster and by Stxjrtevant and Tan 
(1937) for D. pseudoobscura. We shall refer to the mutant genes only by 
their symbols, but since the same symbol has often been used in both spe- 
cies indiscriminately, we shall distinguish the D. melanogaster and D. 
pseudoobscura symbols by the suffijxes (m) and (p) respectively. 

All of our D, pseudoobscura strains, with three exceptions, contained 
only a single mutant gene. The exceptions are: ^r(p), carrying also 
beaded, yellow, short and Bare; seip), carrying also beaded, miniature 
and snapt; and 2£^*(p) carrying also echinus and yellow. Since none of these 
affects the color of the eyes, their presence presumably did not affect the 
results. These stocks are therefore referred to by the s}anbols for the eye 
color only. 

The stocks of D. pseudoobscura belong to race A, with the exception of 
cinnabar,” ^^orange” and “scarlet” which belong to race B. 

THE behavior OE THE EYE COLOR GENES AS DETERMINED 
BY TRANSPLANTATION 

Table i presents diagrammatically the results obtained by the study 
of the eye transplants. The donor was always a female larva in its third 
instar (prepupa stage), the host a female or a male larva of the same age. 
Black discs in the table indicate a non-autonomous development of pig- 
mentation. That means that the implant develops an eye color similar 
to that of the host, or in the cases of ^(p), ?j(m), ^r(p), c:w(m), r&(p), g(m) 
and car (m) develops the “wild type” eye color. Unshaded circles indicate 
autonomous development of pigmentation. Discs with a black sector 
(|-|) indicate, a partly non-autonomous development, where the implant 
is intermediate in color between the two controls; or in the seven mutants 
listed above, that the implant is intermediate between the “wild type” 
and the control implants in the donor larvae themselves. 

Because of the complex interrelations between the different eye color 
genes considered in this paper, we have arranged the data in seven groups 
(a~g). The genes in each group have (a) identical relationship with each 
other; (b) the same type of relationship with the genes of any other group; 
(c) or apparently differ only quantitatively in either of the two properties. 
In table i these groups are separated by double lines. 

The hehamof of the eye color genes of D. pseudoobscura 
in intraspecific transplantation experiments 

a) The + group. If + and eye discs are implanted into different 
hosts, the developing eye is affected by ca, mg^ pr, and p^ in such a way 
that the final pigmentation is very like the host eye color {ca and mg), or 
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intermediate between the host and donor eye colors {pr and p^). The light 

implant does not change in pr amd p^ as much as + does. In or and v 
hosts the + implant is changed to a slightly but distinctly brighter eye 
color than + controls. The change is more pronounced in v than in or. 
The implant remains unchanged in or, but is visibly changed in v. In 
se hosts, the + and implants develop a pinkish eye color, and become 
similar in appearance. + implanted in rb becomes intermediate between 
+ and rb, and in st and cn it develops the original + eye color. It must be 
stated, however, that some of the eyes implanted into cn were brighter 
than the ‘^normal” + implants. It is not clear from these experiments what 
effects age differences (younger and older + anlagen in cn hosts) might 
have. 

The implantation of the eye discs of different mutants into + and 
results in an autonomous development of the eye color in all cases except 
those involving or, v and se. The data given in table i for these three 
genes show that when implanted into + and hosts, v and or optic discs 
give rise to a not quite completely “wild type’’ eye. Eye discs carrying the 
gene se develop in + and hosts, a new dark brownish-red eye color. The 
new eye color resembles neither the + nor the nor the se type, and ap- 
parently the amount of pigment in the new eye color type is not decreased. 

+ in and the reciprocal combination, develop autonomously. Dis- 
cussion of the interrelations of host and donor will be postponed until 
we have referred to the other D. pseudoobscura groups, and to the homol- 
ogous groups in D. melanogaster, 

b) The st group. The st and cn implants behave autonomously in all 
experiments carried out by us. 

If the host is*5^ or cn, then rb, or, v and se implants develop non-auton- 
omously. The behavior of + in cn has been mentioned above. If rb, or 
and V discs are implanted into st and cn they are changed almost com- 
pletely to “wild type” eyes. With the exception of or in st, the different 
combinations are indistinguishable, and similar to the implants of or 
and V in the + group. The eye discs carrying the gene or implanted into 
st become distinctly lighter than in +. A change in the direction of 
the new eye color obtained from se implanted into + (see + group) occurs 
also in the experiment se implanted into st or cn hosts. 

The development is autonomous in the experiments st implanted into 
cn and in the reciprocal combination. 

c) The rb group. As an implant the rb eye shows an autonomous develop- 
ment in the + group and in pr. In the st group it changes almost com- 
pletely to “wild type.” The rb implant in or becomes very like “wild type.” 
The fb optic discs give rise in d, ca and mg to an eye color which is inter- 
mediate between ruby and + eye colors. In se the implanted rb anlage is 
definitely pale, resembling neither rb nor +. 
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Implantation of + into a rb host resulted in a non-autonomous develop- 
ment, and an eye color very similar to that of rb implanted into v. In the 
experiment or implanted into rb the implant eye color is like that of + 
in rb, but more reddish, and v implanted into rb is very close to “wild 
type.” In rb hosts the implant shows a “brownish-red” eye color similar 
to but not as dark as se implanted into + (see + group). The eye color of 
pr implanted into rb is similar to, but lighter than, se implanted in st 
or cn, 

d) Thev group. We discuss or and v eye color genes together because in all 
cases in which the or eye discs give rise in the different Z>. pseudoobscura 
hosts to eye colors similar to “wild type,” the optic discs also develop 
non-autonomously to a + type. Nevertheless there is a distinct dif- 
ference between the two genes, which cannot be explained by quantitative 
differences between them. Namely, v implanted into or gives rise to a “wild 
t3q)e” eye color; or implanted into v develops autonomously. 

In +, st and cn hosts optic discs carrying the genes or and v develop 
to eyes which are not completely “wild type.” The implant v in rb becomes 
more nearly “wild type” than does or; the same is true for v and or im- 
planted into p^^ but here the change is not as great as in the preceding 
case. In pr the implanted v eye is indistinguishable from the implant of 
V in p^. However, the or anlagen develop autonomously in pr, if the im- 
planted eye is of normal size. If the implanted optic discs give rise to small 
eye pieces a change to + is clearly noticeable. That means that pr sup- 
plies sufficient cn'^ substance for the change to take place if the implanted 
eye is small. In ca and mg both or and v discs develop autonomously. In se 
only the v anlage shows a slight change to +. 

If or and v are used as hosts, st, cn, ca, mg, pr and p^ optic discs develop 
autonomously. + shows a slight change to a brighter eye color in or, and 
a more marked change in the same direction in v. The anlage carrying 
changes only in v, and here to a lighter eye color. In or hosts the implant 
rb gives rise to a nearly “wild t3q>e” eye color; in this change is not a 3 
strong and the eye is brighter. The implant se shows in or hosts an eye 
color which resembles very much se in +, but the implanted eye appears 
brighter. The color of the implant se in v is best described as intermediate 
between se and v. It has a slight orange tinge. 

If V is implanted into or the anlage develops an eye identical to ^ in + 
host; or is autonomous in v. 

e) The ca group. Our experiments have shown that ca and mg always 
develop autonomously when used as implants. 

If ca nndmgnTe used as hosts, only the implanted optic discs of the +, 
rb and se groups are non-autonomous in their development. The results 
of the experiments concerning +, and rb are mentioned above. If se 
is implanted into ca, then the eyes show a reddish color dosely resembling 
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ca itself; implanted into mgj se eyes show a more pinkish color than the 
se controls. 

In reciprocal ca-mg implantations the optic discs develop autonomously. 

/) The pr group. The behavior of pr and p^ resembles very much that of 
ca and mg. However, the development of pr and p^ implanted in rh hosts 
is not entirely autonomous (see above: the rl group). 

If pr and p'^ are the hosts, + and implants do not change as much as in 
the ca group. Eye discs carrying se implanted into pr or p^ develop an eye 
color similar to that of se in mg. The behavior of optic discs carrying or or v 
when implanted in pr or p^ is different from their behavior in ca or mg hosts. 
In the former cases they develop non-autonomously. The data are given 
above under d, the v group. 

In the reciprocal experiments pr implanted into p^ and p^ implanted 
into pr the anlagen behave autonomously. 



+p WEp STp CNp ORp Vp MGp PRp 

cc,©,©,«,c.©.® 



Table 2 

Pupal dissections of se{p) optic discs implanted into different hosts (see text). 


The se group. The behavior of the gene se is different in every respect 
from that of the other genes. If se is implanted into the + group the anlage 
gives rise to a new dark ^'brownish red” eye color. About the same eye 
color develops if se discs are implanted into the st group, but in this case 
the color is somewhat more 5 e-like. In or, se changes to a color which is 
brighter but essentially of the same type as in +; in v it changes to an 
intermediate color (see above, d, the v group). In ca the eye color of the se 
implant proved to be more like that of the host than in mg^ ^r and p^. Be- 
cause the se eye darkens very rapidly with age, we have always examined 
freshly hatched flies, and in a number of cases dissected out pupae shortly 
before they hatched. The data obtained from experiments of the latter 
kind are listed in table 2. The results here agree with those presented in 
table I. 

The development by the -j- and implants of a pinkish eye color is 
obvious in se hosts ; v implanted into se hosts shows a slight change toward 
the -f t3pe. The other genes, with exception of rb, which has a pale eye 
color when implanted, behave autonomously in se hosts. 

The observed behavior of all the genes within each of the seven groups 
listed above is similar in all experiments. In this sense, we may regard 
them as natural groups; only the a group is perhaps a composite. A com- 
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parison of the groups with each other is presented in table 3. The conclu- 
sions that may be drawn from the comparison are as follows. 

a) The eye anlagen of the + group develop a color similar to that of 
the hosts when implanted into the ecu, pr and rb groups; a new eye color 
in the se group, and a color distinctly brighter than normal in the v group. 
The development of the + group is autonomous only in the + group it- 
self, and in the st group. 

^+P ST RB V CA PR SE 

OOC0CCC 

0000000 
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« 0000000 
^ 0000000 
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Table 3 

Review of the behavior of the eye color gene groups within D, psettdoobscura (see text). 

b) The si group always behaves autonomously. 

c) The optic discs of the rb group implanted into the st, v and ca groups 
give rise to an eye color similar to the “wild type.’’ The anlagen of the 
rb group develop a pale eye color when implanted into the se group. The 
eye discs carrying genes of the rb group develop autonomously only in 
hosts belonging to the rb, + and pr groups. 
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d) The D group shows a wild type eye color when implanted into the +, 
st, rbjpr ajid se groups; the development is autonomous only in the ca group. 

e) The ca group always behaves autonomously. 

f) The eye discs carrying genes of the pr group develop autonomously 
in all combinations studied, except when implanted into hosts belonging 
to the rb group. In the latter case, the implants develop an eye color re- 
sembling that of -t- implanted into se. 

g) The se group changes the original color toward a dark “brownish- 
red” one in the -t- group, and to nearly the same color in the st group. 
When se is implanted into v the color of the implant becomes inter- 
mediate between se and v. The eye discs carrying genes of the se group, 
when implanted into or hosts, develop an eye color which is somewhat 
similar to that developed by the same implants into -|- hosts. In the ca 
and pr groups the color of the se implants is somewhat similar to that of 
the host eyes. 

THE HOMOLOGOUS EYE COLOR GENES IN D. MELANOGASTER 
AND D. PSEXroOOBSCURA 

a) The -f group [+(^), cl{m), Hn'im), +{m), w‘{p), w*(w)]. In our 
first paper (Gottschewski and Tan (1937), we pointed out that the 
eye discs of “wild type” D. pseudoobscura behave in all transplantation 
experiments like those of the mutant clot {cl, Chrom. 2-16.5) of D. 
melanogaster. We concluded that the genetic difference between these two 
species involves, among others, a mutation at the clot locus. Additional 
data to support this conclusion are presented in table i. Among the mutant 
genes known in D. melanogaster there is one, Henna {En Chrom. 3-23.0), 
which has a superficial resemblance to both cl(m) and +(p). Data are 
available however, to prove that +(p) is not homologous to En'{m). 
Indeed, the eye discs of -f (p) implanted into En''{m) develop a brighter 
eye color than that developed by +(p) in -b(p) and similiar to -l-(p) 
implanted into -l-(ni). Moreover, ^(p) implanted into En^im) develops 
completely non-autonomously, identical with sfp) implanted into +(m), 
while the development of t>(p) in +(p) is only partly so. 

Eosin and white mutants in D. pseudoobscura resemble greatly the 
similarly named mutants in D. melanogaster. In both species the white 
locus is sex-linked and is located in the proximity of the gene Notch, which 
HP its distinct properties is the same in both species (Sturtevant and Tan 
1937). The behavior of w“(m) in the transplantation experiments of 
Beadle and Ephrussi (1936) is similiar to that of -t- (m) . Our experiments 
within D. pseudoobscura show also essentially the same behavior of w‘{p) 
and +(p) in respect to autonomous or non-autonomous development. 
The quantitative differences in our implants of +(p) and i»*(p) into 
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^j(p), •^r(p) or ^^(p) are not significant. In the first place if a dilution 
of eye pigment takes place a slight change in the implants is more 
difficult to notice than in the ^^wild type” implants, due to the originally 
lighter eye color. Consequently, the change to a lighter eye in zj(p) hosts 
may be of the same degree in ^t'^(p) as in +(p) anlagen. In the second 
place the eye colors of w^(p)y p^{p) and pr{p) implants are much more 
alike than those of +(p), :^^(p) and pr(p). We may conclude that ie»®(p) 
is homologous to w^(m). 

. b) The st group [st{p), st{m)j cn{p)j cd{m)]. A group of eye color 
mutants comprising 5/(p), cn(p), or(p) and v(p) shows a great resemblance 
to the st(m), cd{m), €n(m) and 2 ?(m) group of D. melanogaster mutants. 
Moreover, the members of each of these groups are so similiar to each 
other that they can hardly be distinguished by simple inspection. Only 
cn{p) and cd(m) show a slight darkening with age, which sets them some- 
what apart from the rest. The transplantation methods furnish more 
critical data for discrimination between these eight mutants. Indeed, the 
eye discs of st{p), st{m), cn(p) and cd(m) implanted into hosts of the + 
group develop autonomously, whereas <?r(p), cn{m)j z>(p) and zj(m) change 
in the direction of the “wild type” eye color. 

An attempt was made to differentiate between ^/Cp)? ^^(p)> and 
cd(m) by studying their influence on the production of the and sub- 
stances. The results are so far not self-consistent. According to Beadle and 
Ephrtjssi (1936), v{m) and cn{m) develop non-autonomously when im- 
planted into ^^(m) or cd(m) hosts. Later, Beadle and Ephrtjssi (1937) 
found that cd(m) implanted into (m) fails to change the eye color of 
the host, but such a change does take place if s^(m) is implanted into 
w^(m) hosts. The implantation of (;d(m) into w'^cn{m) hosts results in the 
host’s eye developing a color intermediate between w^cn and but closer 
to w^cn. Similarly, the implantation of st{m) into w^cn{m) hosts changes 
the eye color of the host to one intermediate between w^cn and This 
intermediate color is apparently closer to than that obtained in the 
experiments with cd(m). These results indicate that st(m) supplies more 
and cn‘^ substances than does cd(m). Our experiments within D. pseudo- 
obscura showed, at least for the supply of cn'^ substance, the reverse result. 
Apparently more substance is supplied by c/j(p) to or(^) than by st(;p). 
The developing implant eye color of or{p) is distinctly lighter in a 
than in a cn{p) host. To check these results we injected body fluid of about 
one day old pupae of cni;p) and st{p) into w^{m) larvae. We found that 
2 £;«£j(m) host flies showed darker ^e;“-like eyes, if we injected the body fluid 
of ^^(p), than in the analogous experiment with ^^(p) body fluid. In the 
latter case the eyes of the host were like those of flies into which 

the body fluid from 7£;«^(m) stock itself was injected. 
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We may conclude that st{m), and cd(m) behave alike. Our 
experiments are not extensive enough to establish a distinct difference 
between these genes. The presence of the gene clot(m) in D, pseudoobscura 
is of great importance for the amount of and substances. Hence, 
the darkening effect in c^(p) and crf(m) indicates the homology of c^(p) 
and cd{rn). The essentially similar behavior of the remaining comparable 
genes of this group, namely ^/(p) and 5/(m), indicates that st(p) is homol- 
ogous to ^^(m). 

c) The rb group [rb(p), g(m), car(m), rb{m), cm{m)]. The pinkish eye 
colors produced by the rb^ ca, mg, and p mutants in D, pseudoohscura re- 
semble the rb, g, car, cm, ca and p eye colors of D, melanogaster. With the 
aid of transplantation experiments, these mutants can be divided into 
three distinct classes; the rb, ca and pr groups. The basic difference between 
these groups is that the implants containing the genes of the rb group 
develop non-autonomously and assume the ^‘wild type’^ coloration if im- 
planted into hosts carrying genes of the st and d groups; the implants 
carrying genes of ca and pr groups under similar conditions develop 
autonomously. 

Although the possibility is not excluded that m(m) may belong to the 
rb group, the homology between it and rb{^) is very doubtful. Indeed, 
+(p) develops autonomously when implanted into a c#^(m)host, and in ad- 
dition the behavior of cm{m) and of rb{^) is different, both when used as 
implants and as hosts, in experiments involving or(^) and ?;(p). 

The behavior of f&(m) when implanted into hosts carrying or{^) differs 
from that of the other genes of its group. Stuhtevant and Tan (1937) 
concluded that “if it be granted that each arm of pseudoobscura is equiva- 
lent to one of melanogaster^^ (and we have no evidence that this conclusion 
is wrong) and “if the pseudoobscura sequence of the comparable loci’^ in 
each arm “is arbitrarily taken as an alphabetical one,” then seven in- 
versions are sufficient to turn the sequence in the XL chromosome of D. 
pseudoobscura into that of the X of melanogaster. They did not include 
in their calculations the gene ^6(p). Assuming rb{p) to be homologous to 
g{m) or to car(m), still only seven inversions are required to get the 
identical sequence in both species. If we homologize rJ(p) with rb{m) eight 
steps would be necessary, and more for homology with cm(m). Moreover, 
in the transplantation experiments the behavior of ^(m) and car(m) agrees 
best with that of f6(p). However, a difference between g(m) and car(m) 
was obtained in our experiments. Implanted into mg(p) hosts, g(m) gives 
rise to an eye color in the implant which is intermediate between a pinkish 
and a “mid type” color, and indistinguishable from the rb(p) eye when 
implanted into mg(p). In the analogous experiment the car{m) optic discs 
develop more nearly autonomously. One additional piece of evidence favors 
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the homologizing of r&(p) with ^(m) rather than with car{m). The gene 
car(m) mutates very rarely, having been recorded only once as a mutant 
from X-ray treatments, whereas ^(m) mutates relatively frequently. The 
mutations at the f&(p) locus are not infrequent either. Consequently, we 
are inclined to believe that rl{p) is homologous to g(ni), 

d) The V group [or{p)j cn{m), v{p), The transplantation experi- 

ments mentioned above (the st group) serve to distinguish the genes ^^(p) 
^/(m), cn(-p) and cd{m) from or(p), cn(m), v(p) and v(m). These genes have 
a close resemblance to each other. In our recent paper (Gottschewski 
and Tan, 1937) we concluded that or(p) is homologous to cn(m), and y(p) 
to v{m). The data presented in table i support these conclusions. We may 
add that in general the D. pseudoobscura genes seem to supply less cn'^ 
and ti"*" substances than the D. melanogaster genes do. The only exception 
in D, melanogaster is the gene c/(m), which behaves like D, pseudoobscura 
^Vild type.” In D. pseudoobscura ^ the exception seems to be r 5 (p), which 
supplies at least as much of and d'^ substances as the homologous gene 
in D, melanogaster^ We may conclude from the data listed under the 
rb and pr groups that or{^) requires less cn'^, and v(p) less substance than 
cn(m) and v(m) respectively. Discussion of these relations is deferred until 
additional evidence with body fluid is obtained. We homologize or{p) with 
cn{m) and zi(p) with v{m). 

e) The ca group [ca(p), ca(m), mg(p)]. The characteristics distinguishing 
the rb and ca groups have been discussed above. We have presented 
(1937) the eAddence proving that ca{p) is homologous to ca{m). For the 
gene mg(p) which behaves essentially similarly to ca(p), it has been so 
far impossible to find a homologue in D, melanogaster; mg{p) is located in 
XR(p), ca{p) in II (p) and ca(m) in IUR(m), IIIR(m) being homologous 
to the second chromosome of D, pseudoobscura. Since +(m) is non-auton- 
omous in c<2(p), and behaves similarly in ca(m), but is intermediate in 
^^(p)j we conclude that ca(^) is homologous to ca{w), 

f) The pr group [pr{p) bw{m), P^ip)y The genes pr{p) and p%p) 

behave alike with two exceptions. First, it seems that p^(p) supplies pro- 
portionately more and less substances than pr(p), because or{p) 
implanted in pr{p) shows a change to “wild type” only in small eye pieces. 
In p%p) the effect is always recognizable; 2;(m) becomes more like the “wild 
type” if implanted into pr{p) than if implanted into ^^(p). The other ex- 
ception is that ^r(p) in rb(p) changes only very slightly, but in analogous 
experiments with p^ (p) the effect of rb{p) on ^^(p) is more pronounced 
(see above). 

Sturtevant and Tan (1937) homologized prip) with bw(m), especially 
because the double recessives v pr{p) and or pr(p) on one hand, and 
V bw{m) and cn bw(m) on the other give almost white eye colors. The optic 
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discs of bw{m) and ^r(p) give rise in the transplantation experiments to 
identical eye colors. The four genes of this group behave differently if 
individuals carrying them are used as hosts for orip), cn{m), v{p) and 2j(m) 
implants. The pr{'p) and bw{m) hosts supply proportionately less cn'^ and 
more substance than ^^(p) and ^^^(m) do. As implants, all four of these 
genes behave alike. In pr(ip) and p^(p) hosts the + anlage develops a color 
intermediate between + and pr(ip) and + and ^^(p) respectively, but in 
bw(m) and ^^(m) hosts the development is autonomous. This may be taken 
as evidence against the assumption that these various genes are homol- 
ogous. From the facts stated above we are inclined to conclude that pr(p) 
is homologous to bw(m) and -^(p) to ^(m). 

g) The se group [se(^), st{m)]. The colorations of the adult eyes pro- 
duced by se(p) and 5^(m) are similar; no other genes have effects resem- 
bling those of the two genes just mentioned. The testicular envelope of seip) 
and 5e(m) is pale, and the eyes become very much darker with age than 
they are at hatching. The double recessives v seip) and v se(m) have an 
orange eye color in young flies. 

If se{-p) discs are implanted into se{-p) hosts, or se(m) ones into 5e(m) 
hosts, the colors of the implants are alike. Likewise, the implantation of 
se(p) and .ye(m) into ^(p) produces identical eye colors. Nevertheless, if 
discs carrying genes belonging to the v group are implanted into se(p), the 
outcome is different from that observed if se(m) hosts are used. A differ- 
ence in the outcome is observed also when ^e(p) and se{m) are implanted 
into hosts of the + group, or vice versa. Until more information on the 
nature of the eye pigments in the two species is available, the significance 
of these differences in the behavior of 5e(p) and 5e(m) is not clear. At 
present the assumption that 5e(p) is homologous to 5e(m) seems most 
likely to be true. 

DISCUSSION 

A Kst of the assumed homologies between the eye color genes of D, 
pseudoobscura and D, melanogaster is presented in table 4. Our results agree 
throughout with those of Donald (1936) and Sturtevant and Tan (1937) . 
So far there is no evidence to show that any genes have been transferred 
from one chromosome to the other in these species; in other words, trans- 
locations seem to be very rare in the evolution process as compared with 
intra-chromosomal changes, such as inversions. As shown by Dobzhansky 
and Tan (1936) the differences between the gene arrangements in D. 
pseudoobscura and D. miranda are also due mainly to inversions, al- 
though translocations of short sections have been established in addition. 

One difference between these two species in respect to eye color may be 
tlial the ^wild type’^ J>. pseudoobscura ^^normally” possesses the gene 
c?(m) in homozygous condition. In D. melanogaster^ on the other hand, the 
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“wild type” allele of cl{m) is “normally” present. In addition, it appears 
that all D. pseudoobscura genes supply less cff^ and substances than 
the homologous genes in D. melancgaster. Clot (m) acts like the pseudo- 
obscura genes. +(m) and En^{m)y for example, although they resemble 
c/(m) closely, differ from it in that they have more and cn^ substances. 
Transplantation experiments with eye anlagen of the double recessives 
V cl{m) and cn cl{m) are under way. We expect more conclusive evidence 
from these experiments. The experiments with body fluid injection will 
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Table 4 

Homology of the eye color genes in D. pseudoobscura atid D. melanogaster {see text). 

make clear the relationship of the different substances in the different 
eye color groups. We may conclude from our experiments to date that the 
source of cn’^ and substances in D. pseudoobscura is essentially the 
same as in D. melanogaster. 

Because in certain cases the implanted anlagen carrying genes of the rh 
group show a change to “wild type” as do t7r(p), cn{m), v(p) and ?r(m), we 
conclude that there is a rb substance. The evidence that this new substance 
is not related to the cn^ and substances is given (a) by the experiments 
of +(p) implanted into r6{p), or{p) or 2 ^{p) j (b) by implants of or(p) and 
tj(p) into r6(p) ; (c) by the reciprocal experiments of (a) and (b) ; and (d) by 
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implants of pr(^) and into f6(p), or(^) or j;(p). The genes of the + 
group possess and v+, but no rh substance. Orange (p) and c»(m) have 
0 + and rb, but no cn+ substance. The genes of the pr group possess cn+ 
and v+, but no rb substance. Ruby itself also has cn+ and but no rb 
substance. It is impossible to construct a step by step change from one 
of these three substances to another. 

Beadle and Ephrtjssi (1936) assumed originally that the presence of 
ca+ substance is the first step toward the formation of substance, and 
that the production of d+ substance is a preliminary step toward sub- 
stance. However, later transplantation experiments of Ephrxjssi and 
Beadle (1936), and their experiments with body fluid (1937) have shown 
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Table 5 

The presence or absence of cn’^, rh substances and “X” in 
the different eye color groups {see text) . 

that possesses both cn'^ and substances. The results of our experi- 
ments show that a chain of reactions, in the sense that the formation of 
substance is the first step toward the formation of any other substance, 
is very unlikely. We are inclined to conclude that there is no substance 
at all present, but that in a few groups, of which is an example, some- 
thing, is concerned, whose presence or absence prevents the optic 
discs of the + group from developing the ^^normal” eye color. 

It is impossible at present to assume an substance. Whenever 
se(p) anlagen are implanted, an entirely new eye color type develops. We 
defer a discussion of the cases until experiments involving the second 
and the third instars shall have been finished. Two explanations are pos- 
sible: (a) the analomous behavior of optic discs in transplantation 
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may be the result of differences between host and implant in the period 
of development at which critical concentrations of the respective sub- 
stances become available; (b) on the other hand, it is possible, and seems 
at present more probable, that in the different eye colors, entirely dif- 
ferent substances and reactions are involved, giving rise through interac- 
tions to a new process. 

+ (p) is not completely autonomous in^r(p) and v(p), but develops a 
brighter eye color. This may be due rather to the different relationships 
of substances and reactions in these types, than to the presence in or{p) 
and ^)(p) of a special substance which changes the ^Vild t}’pe” eye color 
toward a brighter type. 

Table 5 reviews the presence of substances in the different groups. The 
sign indicates presence, the sign — ” absence. The question marks 
in the row for cn'^ and substances indicate that in certain experi- 
ments the presence of and substances in is established. The 
reason that we did not record the se group is obvious from our statements 
above. We did not quote in table 5 the change of pr(p) and ^^(p) implanted 
into ^6(p), because the non -autonomous development resulted in a new 
eye color, which was that of neither the host nor the donor. For both latter 
cases also the statements above are valid. 
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SUMMARY 

Optic discs can be successfully transplanted from one species of Dro- 
sophila to another. The transplanted discs give rise in the interspecific 
experiments to eyes which always develop autonomously in respect to 
the size and the color characteristic of its species. 

The experiments show that, so far as eye color genes are concerned, no 
translocations have occurred in the two species since their divergence from 
a common ancestor. 

In both species genes which belong to the same group behave similarly. 

We assume that the following genes are homologous: w(^)-w(wl); 
c«(p)-cd(m); f&(p)-g(m); »(p)-0(in); or(p)-c»(m); ca(p)- 

ca(m); pr(jp)-bw{m) ; p{p)-p(Ta); se(p)-se(m). The gene ?»g(p) has no 
homologous gene in Z>. melanogaster. 

“Wild type” D. pseudoolscura is in its behavior homologous to cl{m). 
“Wild type” D. pseudoolscura and “wild tjrpe” D. melanogaster differ only 
quantitatively in the relationships to the various eye color genes. 
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Our data indicate the presence of at least one new substance, rh sub- 
stance. 

The existence of a ca+ substance seems unlikely. Claret (p), />r(p), ^*(p) 
and rJ(p) prevent the development of “normal” eye color in implanted optic 
discs of the 4- group. 

The assumption that a chain of substances is present, in such a way that 
one substance is necessary as a preliminary step to the formation of an- 
other substance, seems valid only for and v+ substances. 
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INTRODUCTION 

I N RECENT years there appears to be a growing interest in the 
genetics of free-living populations, a subject hitherto almost un- 
touched. Certain species of Drosophila prove to be very suitable for in- 
vestigations in this field. Tschetwerekoff (Cbetverikov), Dubinin and 
their collaborators in Russia, Timofeeff-Ressovsky in Germany, Gordon 
in England, and Sturtevant in this country have secured much valuable 
information which opens new vistas and raises a host of new problems (for 
a short review of the literature see Dobzhansky 1937). It has seemed to us 
that a comparison of the genetic constitutions of several free-living popu- 
lations from the same general region, and yet isolated from each other, 
may be of interest. Samples of the populations of Drosophila pseudoob- 
scura inhabiting island-like mountain forests in the Death Valley region 
of California and Nevada were collected. This region is especially favorable 
for our purposes, since it is as yet practically undisturbed by man’s 
activities. 

We wish to acknowledge our obligations to Professor A. H. Sturtevant 
for his valuable advice, to Mr. H. D. Curry whose help enabled us to col- 
lect material in certain rather inaccessible localities, and to Messrs. G. T. 
Rudkin and Edward Held for their assistance in conducting the experi- 
ments. 


MATERIAL 

The nature and source of the material are so important in the present 
investigation that we are forced to consider them more carefully than is 
customary in genetic accounts. 

East of the rampart of the Sierra Nevada, in California and the adjacent 
part of the state of Nevada, there lies an extremely arid desert plateau. 
This plateau is strewn with mountain ranges and furrowed by deep valleys, 
extending mostly in the meridional direction (fig. i). Some of the ranges 
lift their crests much above six thousand feet, and their upper reaches 
are covered by open forests consisting of pifion {Firms monophylla), 
Juniperus, oak, and (on Charleston Peak and the Sierra Nevada), western 
yellow pine {Finns ponderosa) and other conifers. The valleys intervening 
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between the ranges are barren except for a very xerophytic vegetation. 
The mountain forests may, consequently, be described as a series of islands 
surrounded by a sea of deserts. The contrast between the climatic and 
ecological conditions encountered on the mountain tops and in the valleys 
is exceedingly sharp. 

The biology of Drosophila psevdoohscura in the natural state is very 
little known. According to the observations of Dttda (1924) and of Sturte- 
VANX (unpublished), its relatives {D. obscura, D. affinis and other species) 
feed on the fermenting sap of bleeding trees, and the same is probably 
true for D. pseudoobscura. At any rate, the latter species is restricted to 
regions having some tree vegetation; occasionally it may be trapped a few 
thousand feet from the nearest trees, but it has never been found in terrain 
having only grass vegetation. In arid regions D. pseudoobscura is confined 
to mountains where forests can grow, and in general the denser the forest 
the more abundant is the fly population. To what extent populations in- 
habiting different mountain ranges exchange individuals it is very difficult 
to tell. During the warm season of the year the desert appears to be a 
formidable obstacle to the distribution of the fly, but an occasional trans- 
fer of a stray individual by wind or other agents is not excluded. At the 
very best, a migration of flies within a continuously forested region is 
easier than from one range to another across desert valleys. The popula- 
tion inhabiting each mountain range is largely, if not completely, isolated 
from others. 

Samples of the population of D. pseudoobscura have been collected in 
eleven localities shown on the map (fig. i). Each locality corresponds to a 
forested mountain range, and in the area studied there exist only two or 
three ranges where collecting has not been attempted. The entire collecting 
was accomplished within two months, from the middle of May to the 
middle of July, 1937; the genetic analysis of the samples has been carried 
on as nearly simultaneously as possible. The following technique has been 
adopted. Ten to twenty trap bottles with fermenting banana mush were 
exposed in each locality, the distance between the traps farthest apart 
being no less than a quarter and no more than one mile. The traps were 
left out for a few hours around sunset, and in some cases overnight. The 
flies that entered the traps were placed in vials with food and transported 
without delay to the laboratory. In the following presentation each sample 
of flies is referred to by the name of the locality (island forest) in which it 
was collected. It must be emphasized, however, that each sample comes 
from only a small fraction of the area of a given forest; the possibility that 
the populations inhabiting different parts of the same forest may be dif- 
feeat is by no means excluded. 
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Strains of Z). pseudoobscwa coming from the same or from different 
localities are frequently unlike in the gene arrangement. The third chro- 
mosome proves to be more variable in this respect than the rest; seventeen 
arrangements related to each other as single or multiple inversions have 



should be spelled Awavaz as in text.) 


been recorded (Stxjrtevant and Dobzhansky 1936a; Dobzhansry and 
Sturtevant 1938). Populations inhabiting the mountain ranges in the 
Death Valley region also proved to be variable in the gene arrangement, 
and the variability observed is of a kind that permits certain inferences as 
to the relation of these populations to each other. 

The gene arrangement in a given individual can be determined by 
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inspection of the chromosomes in the cells of the salivary glands. In 
structurally homozygous individuals the distribution of the stainable 
discs in the chromosomes reflects the arrangement involved; if two homol- 
ogous chromosomes differing in the gene arrangement are present, a 
characteristic pairing configuration results. For descriptions of each of the 
seventeen arrangements the paper by Dobzhansky and Sttjrtevant 
(1938) may be consulted. 

Since females caught outdoors are usually fertilized already, they were 
placed in individual cultures and allowed to produce offspring. Wild males 
were crossed to females homozygous for the third chromosome recessives 
orange (or) and purple (pr), and having the standard gene arrangement in 
the third and in all other chromosomes. From the offspring of each wild 
female a single larva was taken, and a temporary acetocarmine prepara- 
tion of its salivary glands was made. Such a larva carries one maternal 
and one paternal third chromosome, and therefore an examination of its 
nuclei furnishes the information on the gene arrangement in two chromo- 
somes present in the wild population in question. From each male culture 
seven larvae were taken, and one salivary gland from each larva was fixed 
and stained in acetocarmine. If the male parent contained two third chro- 
mosomes similar in the gene arrangement, all seven larvae show identical 
chromosome configurations; if two different chromosomes were present, 
the offspring fall into two equally numerous classes, and the probability is 
sufficiently great that among seven larvae both classes are represented 
(only one out of sixty-four heterozygotes is thus not detected). The third 
chromosomes were carefully examined in every preparation, the rest 
receiving only a cursory inspection. 

Four previously known gene arrangements have been found in popula- 
tions coming from the localities shown in figure i. These have been 
designated as “Standard,” “Arrowhead,” “Chiricahua,” and “Mammoth” 
respectively (Dobzhansky and Stxjrtevant 1928). In the offspring of a 
female collected on Kingston Peak there was found a single larva showing 
a fifth, and previously unknown, arrangement in the third chromosome. 
The culture was lost before the new arrangement could be studied in 
detail. Table i shows the frequencies of the four arrangements in the eleven 
populations; each observed frequency is accompanied by its probable error. 
The total numbers of the chromosomes examined are given in the right- 
most column. 

An examination of table i shows that the Arrowhead, Chiricahua, and 
Standard arrangements are present in every population, Arrowhead being 
much the commonest. The Mammoth arrangement was found in only two 
localities, a single chromosome in each case. Its frequency is therefore 
ne^Mgihle, Nevertheless, some of the populations are significantly different 
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from others in the relative frequency of the diifferent arrangements. Only 
three localities, namely Panamint, Awavaz, and Charleston, are inhabited 
by populations that seem to be identical in this respect. The Coso popula- 
tion is slightly but significantly different from the preceding three. The 
remaining six populations differ significantly from each other as well as 
from the four mentioned above, although the sample from Mt. Whitney 
is too small to be much relied upon. 


Table i 

Frequencies {in percent) of the four gene arrangemerUs encountered 
in the third chromosome. 


MOUNTAIN RANGE 

ARROWHEAD 

CHIRICAHUA 

STANDARD 

3 £AM- 

MOTH 

CHROMO- 

SOMES 

TESTED 

Lida (Mt. Magruder) 

76.80+1.80 

6.00+1. 01 

i6.8o±i.59 

0.40 

250 

Mt, Whitney 

69-S7±4-S7 

8.70+2.73 

2i.73±4-io 

— 

46 

Coso 

72.27 + 1.89 

I4.45±i-48 

i3-28±i.43 

— 

256 

Cottonwood 

51. 20+ 2. 13 

9.60+1.25 

38,8o±2.o8 

0.40 

250 

Grapevine (Funeral) 

50 . 86 ± 2 . 23 

i8.7o±i.73 

30. 43 ±2.04 

— 

230 

Panamint (Telescope) 

67.41 + 2.11 

18 . 75 + 1-75 

I3-S3±i-56 

— 

224 

Awavaz 

62.20+3.61 

19 - 51 + 2-95 

18.29+2.88 

1 

82 

Kingston 

64.08+2.25 

5-34±i-o8 

30.58f2.17 

— 

206 

Charleston 

68.75 + 1.96 

i9.I4±i.66 

12.11f1.38 

— 

256 

Sheep Range 

88. II ±1.53 

1.98+0.64 

p.pof 1.42 

— 

202 

Providence 

82.oo±i,5o 

10.00+1.17 

8. oof 1.06 

— 

300 


A more detailed analysis of the data presented in table i brings to light 
some additional facts. It must be borne in mind that each of the three 
arrangements commonly foxmd in the geographical region now under study 
is encountered also beyond its confines (Dobzhansky and Sturtevant 
1928). The Arrowhead arrangement is present throughout the distribution 
area of the species, except in southern Mexico. The populations inhabiting 
New Mexico, southern Colorado, northern Arizona, and most of southern 
Utah show a hundred percent frequency of Arrowhead; westward and 
north-westward from there the frequency of Arrowhead declines, and 
reaches a minimum on the Pacific Coast. Standard shows the opposite 
regularity: its frequency is highest on the Pacific Coast, and decreases as 
one proceeds eastward, reaching zero just east of the Death Valley region. 
Finally, Chiricahua is a southern type, very common in Mexico, and the 
northernmost locality where it has been recorded is in the Toyabe Range, 
Nevada, lying less than a hundred miles north of Lida. Are, then, the 
differences observed between the relatively closely adjacent localities in 
the region studied by us merely an expression of the general geographic 
trends in the distributions of the gene arrangements? If that were so, one 
might expect the frequency of Standard to be greatest in the western or 
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north-western localities, and to decrease as one proceeds eastward. A 
similar gradient in the direction south-north would be expected for 
Chiricahua, and an east-west gradient for Arrowhead. Indeed, gradients 
of this kind have been observed by many^students of geographical varia- 
tion in aU sorts of animals and plants (for example, Sxjmner 1929). 

An examination of table i in conjunction with figure i reveals however 
no definite gradients. The greatest frequency of Standard obtains in the 
centrally located Cottonwood mountains, and decreases westward as well 
as eastward. Chiricahua is more frequent in the center (Awavaz, Panamint, 
Charleston) than it is in the south (Providence). Arrowhead is most fre- 
quent on the fringes of our region, and least frequent in the center. Not 
only is there no regularity if our region is treated as a part of the general 
species area, but there are no definite trends within the region itself. 
Mountain ranges that lie far apart may be more similar than adjacent 
ones. Thus, Charleston and Awavaz are alike, while Eangston which is 
located almost exactly half way between the two is distinctly different 
from either. The frequency of the Chiricahua arrangement is very low on 
Kingston Peak and Sheep Range, and high on Charleston which lies 
between them. Panamint is similar to the rather remote Awavaz and 
Charleston mountains, and very different from the Cottonwood moimtains 
which represent merely a northern extension of the Panamint. Sheep 
Range and Providence are more similar to each other and to the remote 
Lida than to the intervening Charleston and Kingston Peaks. In short, 
the variation seems to be random. The possible significance of this fact is 
discussed below. 

The data on the gene arrangement in the third chromosome were col- 
lected in such a way that in every case two chromosomes present in a 
given individual were examined. This permits us to study the relative 
frequencies in natural populations of individuals homozygous and hetero- 
2ygous for the different gene arrangements. Let the gametic frequencies of 
the Arrowhead, Chiricahua, and Standard arrangements be a, c, and s 
respectively (a-l-c-t-s = i). If mating is random, and the viabilities of the 
structural homo- and heterozygotes are alike, the expected frequencies of 
the different types are as follows: 

Homogyzous Arrowhead — d? 

Homogyzous Chiricahua — c® 

Homogyzous Standard — s* 

Heterozygous Arrowhead/Chiricahua — 2ac 
Heterozygous Arrowhead/Standard — 2 as 
Heterozygous Chiricahua/Standard — 2 cs 

A comparison of the observed and expected frequencies is presented in 
table 2. In general, the two sets of values agree very well, attesting that 



245 


CHROMOSOMES OF DROSOPHILA PSEUDOOBSCURA 
Table 2 

The observed and expected frequencies of the inversion homozygotes 
and heterozygotes in various populations. 




HOMOZYGOTES 

HETEROZYGOTES 

LOCALITY 




.ARROWHEAD 

ARROWHE.AB 

CHIRICAHUA 



.A£.ILu \V HE AJD 

CHIJRICAHU. 4 l 

STAND.A.RD 

CHIRICAHUA 

STANDARD 

STANDARD 

Lida 

Obs. 

74 

— 

6 

14 

29 

I 


lExp. 

73-75 

0-45 

3-5 

II-S 

32.2 

2-5 

Coso 

fobs. 

70 

2 

6 

28 

17 

S 


lEjcp. 

66.85 

2.7 

2.25 

26. 7 

24.6 

S-o 

Cottonwood 

fobs. 

34 

2 

21 

13 

47 

7 


lExp. 

32.7s 

1-5 

1S.9 

12.3 

49-6 

9-3 

Grapevine 

fobs. 

27 

3 

12 

27 

36 

10 


lEjp. 

29.75 

4.0 

10.65 

21.9 

3 S-S 

^ 3-1 

Panamint 

Obs. 

49 

3 

3 

32 

21 

4 


[Exp. 

50-8 

3.9 

2.1 

i 28.2 

20.9 

S-8 

Kingston ^ 

[Obs. 

45 

I 

12 

6 

36 

1 3 


lExp. 

42.3 

0.3 

9.6 

7.1 

40.4 

3-4 

Charleston ^ 

[Obs. 

62 

7 

5 

33 

19 

2 


lExp. 

60.5 

4.7 

1.9 

33-7 

21.3 

5-9 

Sheep Range^ 

[Obs. 

77 

— 

— 

4 

[ 20 

— 


lExp. 

78.4 

0.04 

0.99 

3-5 

17.6 

0.04 

Providence 

(Obs. 

102 

3 

2 

22 

20 

I 


[Exp. 

100.9 

1-5 

1 .0 

24.6 

19.7 

2.4 


the above assumptions of the randomness of mating and equal viability 
are correct. A more detailed examination of table 2 shows however that 
the observed figures for homozygotes are somewhat more frequently higher 
than lower than the expected ones, and the reverse is true for the hetero- 
zygotes. The differences are in no case statistically significant. This small 
discrepancy, if real, may have two explanations. First of all, a small 
fraction of the heterozygotes might have been misclassified as homozygotes 
(see above). Secondly, the fly samples from each locality were collected 
in a number of trap bottles placed at some distance from each other. If the 
flies spend their life in the immediate vicinity of the place where they were 
born, the mating may not be absolutely random, and a certain amount of 
inbreeding may be involved. This latter possibility is theoretically very 
interesting, but no conclusions can be drawn from the data now available. 
What is demonstrated is merely that the natural populations are not segre- 
gated into non-interbreeding sections each of which has a given gene 
arrangement. 

THE “sex-ratio” 

Certain males of D, pseudoobscura produce, when crossed to females of 
any genetic constitution, mostly or only daughters and few or no sons. 
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This peculiar “sex-ratio” condition is known to be inherited through the 
X chromosome, and to be associated with an inversion in the right limb 
of the latter, the association apparently being invariable. The “sex-ratio” 
is often encountered in wild populations of D. pseudoobscura, but the 
frequency is higher in the southern than in the northern part of the 
specific area (Stxirtevant and Dobzhansky 1936b). It proved to be 
rather common in most of the populations from the Death Valley region. 

To detect the presence or absence of the “sex-ratio,” wild males or single 
sons of wild females were crossed in individual cultures to two or three 
or pr females. In the Fi generation some of the cultures produced few or 
no sons, indicating that the father carried the “sex-ratio” in its X chromo- 
some. Complete counts are unnecessary to distinguish the “sex-ratio” 
from the normal cultures, because in the former only very few or no males 
are foimd. Since the salivary gland chromosomes of the Fi larvae were 
studied in order to determine the gene arrangement in the third and the 
other chromosomes, some “sex-ratio” cultures were in fact detected before 
any adult flies appeared in them. Nevertheless, no special attention was 
paid to the presence or absence of the “sex-ratio” inversion in the right 
limb of the X chromosome in these cultures, so that the statistical data 
of the frequency of the “sex-ratio” presented in table 3 are based on the 
genetical and not on cytological determinations. 


Table 3 

Frequency {in perce7it) of the ^ sex-ratio^ condition in the X chromosome. 


LOCALITY 

ELEVATION 

(feet) 

DATE OF 

COLLECTING 

SEX-RATIO 

CHROMOSOMES 

TESTED 

Awavaz 

5000 

May 22 

23.08 

26 

Providence 

1 5000? 

May 7, 8 

16.06 

137 

Sheep Range 

6000 

June s 

H.S7 

I2I 

Kingston 

4800 

May 21 

11.38 

123 

Cottonwood 

7800 

June 23, 24 

10.66 

122 

Lida 

8000 

June IS, 17 

9.09 

66 

Grapevine 

7500 

June 22 

8-33 

72 

Panamint 

8300 

May 20 

8.09 

13^ 

Charleston 

8200 

June 4 

6.72 

II9 

Coso 

6500 

July 14, 15 1 

4.70 

149 


From 4.7 percent (in Coso) to 23.1 percent (in Awavaz mountains) of 
the X chromosomes were found to carry the “sex-ratio.” Table 3 shows also 
the approximate elevation above sea level of the localities in which the 
collecting was done, and the date of collecting. There seems to be a weak 
negative correlation between the elevation and the frequency of the 
“sex-ratio” ; the existence of such a correlation has been suspected on the 
basis of another set of data (Sttotevant and Dobzhansky 1936b). 



CHROMOSOMES OF DROSOPHILA PSEUDOOBSCCRA 247 

Taken at their face value^ the figures in table 3 suggest that the frequency 
of the ‘^sex-ratio” in localities of equal elevation diminishes as the season 
advances, but the reality of this relationship is certainly far from estab- 
lished. 

CHROMOSOMAL VARLATI03S' IN RACE B 

All of the above data concern race A of D. pseudoobsciira. Race B of the 
same species has been found only in two out of the eleven localities shown 
in figure i, namely on Mt. WTiitney and in Coso mountains. On Mt. 
Whitney more than three times as many race B as race A flies came into 
the traps, while in Coso 3 race B individuals were encountered together 
with 149 of race A. The geographical distribution of race B lies west and 
north-west from the Death Valley region, Coso mountains being in fact 
the extreme south-eastern locality where this race has been thus far en- 
countered. 

The gene arrangement was studied in 74 race B third chromosomes from 
Mt. Whitney and in 6 chromosomes from Coso. On Mt. Whitney 15 
chromosomes, or 20.3 percent, showed the Standard, and i, or 1.35 percent, 
the Edamath arrangement. The remaining 58, or 78.4 percent, of the chro- 
mosomes had a gene arrangement which has not been encountered pre- 
viously. This new arrangement, designated as “Whitney,” differs in a 
single inversion from Klamath and in two inversions from the Standard 
(Klamath and Standard differ in a single inversion). The distal end of the 
Whitney inversion lies proximally from the distal end of the Klamath one, 
and the proximal end of Whitney lies nearer to the base of the chromosome 
(section 69A) than in Klamath. The gene arrangement in Whitney is 
therefore on the whole more similar to that in the Standard than to that 
in Klamath. Out of the six chromosomes from Coso, three had the WTiitney 
and three the Standard arrangement. 

The discovery of a new arrangement in the third chromosome of D, 
pseudoobscura (the eighteenth in the species) is in itself not surprising. 
What is more unexpected is that the new arrangement has been found to 
be so frequent on Mt, Whitney, on the eastern slope of the Sierra Nevada, 
while it has not been encountered at all among race B individuals from the 
Sequoia National Park (Giant Forest and Lodgepole Camp), from which 
samples of flies had been previously studied (Dobzhansry and Stxtrte- 
VANT 1938). The Giant Forest and Lodgepole Camp localities lie less than 
a hundred miles from Mt, Whitney, on the eastern slope of the Sierra 
Nevada. On the contrary, two other gene arrangements known from 
Sequoia Park have not been found on Mt. Whitney. This suggests that 
populations of D. pseudoobscura are very local, and that few migrants pass 
from one locality to the other. One must note however that the Giant 
Forest and Mt. Whitney localities are separated by the alpine desert of 
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the highest part of the Sierra Nevada, which may constitute a natural 
barrier for the distribution of D. pseudoobscura. 

DISCUSSION 

It has been shown above that three distinct gene arrangements in the 
third chromosome, namely Standard, Arrowhead, and Chiricahua, are 
encountered in every one of the eleven populations studied. The relative 
frequencies of these arrangements, however, vary within rather wide 
limits; there is no geographical trend or regularity in these variations, so 
that populations from adjacent localities may be more different from each 
other than populations from remote ones. In order to evaluate properly 
the significance of these observations one must recall certain other facts 
discussed in detail by Dobzhansky and Sturtevant (1938). The gene 
arrangements known in the third chromosome of D. pseudoobscura are 
members of a single phylogenetic series. Some arrangements differ from 
others in a single inversion, while others are related only through a chain 
of discrete intermediate forms, each link in the chain representing a single 
inversion step. Thus, Arrowhead and Standard differ in a single inversion, 
while it takes three inversions to pass from Standard to Chiricahua, four 
to derive Chiricahua from Arrowhead, three to derive Mammoth from 
Standard, and two to get Mammoth from Chiricahua, or vice versa. It is 
significant that in the mountains of the Death Valley region we find only 
the gene arrangements just named, and do not find the intermediates 
between them (which, however, are encountered in other, more or less 
remote, geographical localities). This means that the variety of the gene 
arrangements now observed in the Death Valley region has arisen else- 
where, or at any rate that its origin has taken place at a certain more or 
less remote time. Only Standard and Arrowhead may be conceived to 
transform into each other by ^^mutation,’' although we not only lack evi- 
dence that they do so regularly, but even have reasons to doubt that this 
is the case. 

What are, then, the driving causes of the historical process which has 
resulted in the differentiation of the populations inhabiting separate 
mountain ranges? Since the differences observed are merely quantitative, 
and since, taken as a whole, the Death Valley populations are intermediate 
between populations living in the surrounding territories, the possibility 
of migration as one of the causes must be considered. Arrowhead is more 
frequent to the east and less frequent to the west of the Death Valley 
region than anywhere in that region itself. For Standard the relations are 
the reverse of those for Arrowhead, while Chiricahua is most frequent to 
the south of Death Valley. If the rate of exchange of individuals between 
^pulations inhabiting parts of the distribution area of the species is great 
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enough, a chain of populations intermediate between the extremes will 
result. By “great enough” we mean a migration rate sufhcient to outweigh 
other causes leading toward diversification of local populations. The popu- 
lations inhabiting the Death Valley region form, however, no geographical 
chains linking together the populations of the surroxmding country. We 
have seen that the characteristics of a population inhabiting a given 
mountain range are independent of those of the populations in the neigh- 
boring mountains. Each population seems to be sufficiently isolated from 
the others, and migration, if it occurs at all, is not a factor of paramount 
importance in determining the characteristics of a colony. 

The possibility that the gene arrangement may not be indifferent for 
the viability of its carrier, and that selection has caused one or the other 
arrangement to be frequent on a given mountain range, must be con- 
sidered. The localities where collecting was done differ in altitude, climate, 
flora, and other conditions. The frequency of “sex-ratio” shows indeed a 
suggestive correlation with the altitude of the locality. The “sex-ratio” 
cannot, however, be likened to the variations in the gene arrangement in 
the third chromosome; while the former produces an easily discernible 
effect, namely unisexual progenies, the latter do not seem to be correlated 
with any physiological or morphological characteristics of their carriers. 
There is also no trace of a correlation between the frequency of any gene 
arrangement in a given locality and any peculiarities of the latter. Since, 
furthermore, every one of the three gene arrangements is present in every 
locality, and presumably has been indigenous there for countless genera- 
tions, the supposition that these chromosome structures are subject to 
selection is extremely improbable, although, by the very nature of things, 
it cannot be completely excluded. 

By far the most probable explanation of the observed differences be- 
tween populations of the separate mountain ranges is that the frequency 
of a gene or a chromosome structure is subject to random fluctuations. 
Wright (1931, and other works) has shown that, theoretically, such 
fluctuations must occur in populations whose size is not infinitely large, 
and that the smaller the population the greater is the amplitude of the 
fluctuations in a given time interval. In a spocies segregated in numerous 
colonies this process will sooner or later lead to a differentiation, provided 
only that its intercolonial migration rate is not great enough to cancel 
the effects of the fluctuations. The mountain ranges of the Death Valley 
region, isolated from each other by the intervening deserts, furnish a set 
of conditions that might favor such a differentiation. Suppose, for example, 
that this region was inhabited originally by a homogeneous population in 
which the frequencies of the three commonest gene arrangements were 
like those now found in Panamint, Awavaz, and Charleston moimtains 
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(fig. I and table i) . A segregation of this population into colonies restricted 
each to an isolated mountain forest might have resulted in the course of 
time in a diversification. In some populations, like those inhabiting the 
three mountain ranges just named, the original frequencies have been 
retained. Other populations have deviated to a smaller or greater extent 
from the original condition. But there is not, nor is there expected to be, 
any geographical trend or regularity in those fluctuations. Adjacent 
mountains are as likely to retain as they are to lose the similarity in the 
composition of their populations. 

The factor that is decisive for an evaluation of the above hypothesis is 
how large is the effective size of the breeding population in the colonies of 
the flies inhabiting each mountain range? The greater the size, the shorter 
the time interval during which this differentiation may be supposed to 
have taken place, the less probable is the hypothesis, and vice versa. We 
hope to be able to present some information bearing on this problem at a 
later date. 

SUMMARY 

1. Drosophila pseudoobscura inhabits mountain forests in the Death 
Valley region, but not the intervening deserts. Samples of the fly popula- 
tions were collected in eleven localities (fig. i). 

2. Three different gene arrangements in the third chromosome are 
present in every population studied. The difference between these arrange- 
ments is due to inversion of chromosome sections. 

3. Inversion heterozygotes and homozygotes are present in every popu^ 
lation in theoretically predictable proportions (table 2) . 

4. The relative frequency of each arrangement varies from locality to 
locality (table i). Only three out of the eleven localities are inhabited by 
populations that seem to be identical with respect to the relative frequen- 
cies of the gene arrangements. 

5. Populations inhabiting adjacent localities are no more likely to be 
similar than populations from remote ones. 

6. It is concluded that the rate of migration of flies between localities 
is small. The genetic compositions of the populations inhabiting different 
localities may drift apart in the course of time. 

7. A certain proportion of the X chromosomes carry the ^^sex-ratio” 
condition (table 3). There is a slight correlation between the frequency of 
the ^sex-ratio” and the elevation of the locality above sea level. 
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INTRODUCTION 

T he literature on size inheritance contains but few references to what 
seems to be an important clue to its study, namely, a frequent 
tendency for Fi and F2 hybrids to approach the geometric mean of the 
parent sizes (Groth 1914, 1915). It is almost universally assumed and 
taught that the ideal hybrid will ^blend” in size to the arithmetic mean. 
The reasons for the comparative neglect of geometric relationships seem 
to be mainly that the studies of size inheritance hitherto made have been 
with few exceptions confined to crosses between parents so similar in size 
that arithmetic and geometric means are not easily distinguished. Such 
confusion is but natural, since size fluctuates widely under environ- 
mental influences, and is often confusingly increased over its true value 
by heterosis. 

The classic data are in fact mainly drawn from crosses where the parent 
races or species differed by not more than 2, 3 or 4 to i. Approximately 
such a ratio characterizes the parental differences in the bulk of the pub- 
lished crosses involving linear measurements or proportions, surface 
areas, volumes or weights of the body as a whole or of some part or organ. 
Witness the many studies on rodents and fowls among animals and the 
even more numerous similar observations on the inheritance of size of. 
flowers, seeds, fruits, leaves, stems or roots of both cultivated and wild 
plants. 

Much greater size differences than these are obtainable in crossable 
parents in selected cases. For instance artificial selection has produced an 
extremely large size range in fruits of apples, peppers and tomatoes, in 
tubers of potatoes, and a striking contrast in body size between bantam 
and Asiatic breeds of fowls, etc. Hybrids between such extremes generally 
show not blending but “dominance of smaU size,” or inheritance by some 
geometric rule. 

The tomato fruit provides especially favorable material for size study, 
since there are enormous differences between the small one gram fruits of 
“Red Currant” {Lycopersicon pimpimlUfolium) and the comparatively 
gigantic 100 to 400 gram fruits of some commercial varieties of £. escu- 
lentum. During the last twelve years we have accumulated a vast amount 
of size data, and from them evolved a theory of size inheritance (Mac- 
Arthtjr 193s, Butler 1937), here applied in the hope that it will clarify 
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Table r 

Mean fruit weight in grams of the different tomato crosses. 
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some aspects of the problem and also suggest other avenues of research. 
As a good deal of this material is embodied in the thesis to be published 
later by the junior author, this paper will be confined to a statement of 
the theory with a modicum of supporting data. The observations will be 
presented first and will treat the subject from four different angles. 

I. THE INHERITANCE OF FRUIT WEIGHT 

There is a large amount of variation between the weights of fruits even 
on the same plant, but, as will be shown in a later paper, each variety or 
inbred line has its own average inherited weight. By crossing lines of dif- 
ferent fruit weights we can see how the various contrasting fruit sizes are 
inherited. The average fruit weight was determined by weighing ten fruits 
from each plant, a certain amount of selection being exercised to avoid 
using obviously atypical fruits. These abnormal fruits were of two types, 
undersized ones due to faulty pollination or lop-sided growth, and those 
that were oversized owing to an increase in the locule number. 

The crosses presented (table i) are divided into two categories, first the 
cases wlfere the two parents differ greatly in fruit size, and second, those 
in which the parents differ only slightly. It will be noticed that the result- 
ing hybrids cover the whole range of possible behaviors, illustrating at the 
one extreme the geometric mean and at the other extreme typical blend- 
ing. Closer scrutiny of this table will show that the cases that conform 
most closely to the arithmetic mean of the two parents are crosses in 
which the parents did not differ greatly in fruit size (small by small, 
medium by medium, or large by large). It will also be noted that only 
one Fi weight is given; it was found that even when the parental size 
contrast was greatest the reciprocal crosses never differed significantly in 
Fi fruit weight. 

The main purpose of the table is to bring out the close agreement in 
both the interspecific and intraspecific crosses between the observed Fi 
and Fa means and the calculated geometric means, and the poor agree- 
ment with the arithmetic means.* The greater the parental contrasts, the 
larger become the discrepancies between arithmetic and geometric values 
and the more the Fi and Fa values favor the geometric mean. 

That a similar geometric relationship applies equally well in the case of 
backcrosses is shown in table' 2. 

Analyzed from this point of view numerous crosses and “grading up” 
backcrosses in other species show a similar behavior. This is illustrated 
in Saunder’s and Macoun’s breeding project with the wild Siberian crab; 
by lar^ commercial varieties of apples (Chtpscan 1933) ; in peppers (Dale 
1929) ; and in Fi hybrids of bantam fowls by large Asiatic breeds (Jull and 
Quinn 1931). 
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In these varied materials the approach of the Fi, Fa and backcross 
sizes to the geometric means may be taken to be the general rule, the 
seeming approach to the arithmetic mean being really limited to those 
special cases in which parental differences are comparatively small. Since 
the latter happen to be most numerous in the genetic literature they have 
come to be considered typical, possibly obscuring thereby an essential 
feature of size inheritance. 


Table 2 

Mean fruit weights in grams of two tomato crosses and iheir respective backcrosses. 



Pi 

B.C. 

Fi,F2 

B.C. 

Pi 

Red Currant X Tangerine 

1 .12+ .005 

3 -t 4±-09 

903 ±-i 3 

32.2± .78 

i 73 - 6 ± 3-6 

Geometric mean 


3-19 

13-8 

39 -S 


Arithmetic mean 


5 -08 

S 7‘3 

91-3 


Red Currant X 902 selection 

I.I 2 ± .005 

2 -S±-IS 

7.41+ .10 

i 9 - 8 ±. 9 S 

56. 2± .05 

Geometric mean 


2.9 

7-9 

20.4 


Arithmetic mean 


4.27 

28.6 

31.8 



2. THE Ea DISTRIBUTION OF FRUIT WEIGHTS 

A prime essential for the study of problems of inheritance of size and 
other important features of organization is the merging of the physio- 
logical, developmental and genetic points of view. The problem thus be- 
comes primarily one of determining the physiology of gene effects during 
the development of such quantitative characters. 

In the recent literature there has been a tendency to attack the prob- 
lem from the standpoint of gene action and to subject the older view of 
blending inheritance to considerable criticism. Kapteyn (1916) long ago 
pointed out, with numerous appropriate biological examples, that causes 
depending on size produce proportional or positively skew distributions, 
instead of normal frequency curves. Rasmusson’s (1933) theory of genic 
interaction assumes that the total effect of the genotype is not determined 
by the direct simple addition of the effects of quantity genes, but that they 
interact with one another in such a way that the cumulative effect of all 
the genes is less than the sum of their individual effects; the net result is 
inevitably a negatively skew curve. Powers (1936) in his work on barley 
actually obtained data directly opposing this view and concluded that the 
cumulative effect of a number of genes was greater than the sum of their 
individual effects. Recently Sinnott (*937) has shown that his F2 fre- 
quency distributions in summer squashes are positively skewed and has 
interpreted this to indicate that the effects of the size genes are geo- 
metrically cumulative. 
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The form of the Fj distribution is thus often used as an index of the 
type of inheritance and the mode of operation of the size genes; for these 
purposes data are given from two F2 populations, each consisting of more 
than a thousand plants. In both cases the curves (fig. i) are positively 
skew, and on the basis of such large numbers this skewmess is significant. 
Since in cases of blending inheritance a normal curve is always attained 



Figure i. Positively skew distributions of mature fruit weights (grams) in two tomato 
populations: 



Number 

Arith- 

Geomet- 


Jr 

Cross 

of 

metic 

ric 

Median 




plants 

means 

means 



3313 F2 - 

- 1107 

7.41+ .10 

6.73 

6.24 

4-1.105 

3210 F2“ 

994 

9.03+.09 

8.24 

7-49 

4-1.59^ 


unless interaction takes place, some explanation must be given for the 
skewness. Obviously Rasmtjsson’s theory does not apply in this case. But 
if the factors react with one another on a geometric or percentage basis, 
each adding a definite proportion to the already existing capital, then such 
addition to a small capital will make very little difference, while the same 
percentage increases based on a large capital will result in large increases. 
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The result of such a scheme will be that the weights crowd together at 
the lower end of the scale and spread out at the upper end. This is just 
what happens in many of the crosses that we have studied. From the 
means and statistical constants of the data given in the legend of figure i 
it will be seen that the geometric means of the distributions are much 
closer to the median than are the arithmetic means. This would indicate 
that the distribution is almost normal around the geometric mean, so that 
if the data were plotted logarithmically the curve would be nearly sym- 
metrical. 

Table 3 

Mean fruit weights in grams of tall and dwarf segregates, and their absolute 
and percentage differences. 


Mean Fa fruit weights Differences 


Tall parent 

Dwarf parent 

Tall 

Dwarf 

Absolute 

(grams) 

Propor- 

tional 

(percent) 

Red Currant 

X902 selection 

6.9+ .10 

8.4+ .30 

1.4+ *31 

20. s 

Tangerine 

X902 selection 

81.8 + 1.4 

101.6+2.0 

19-8+2.5 

23.0 

Devon Surprise XB. Preserving 

24.0+1.0 

18.1 + 2.5 

5 . 9 ± 2.7 

26.2 

Yellow Peach 

X Dwarf Aristocrat 

76.8 + 1.5 

61.2 + 1.9 

15.6+2.4 

21.1 

740 selection 

X “Primula” 

24.8+1.4 

18.0+1.3 

6. 8+1. 9 

30.0 

97M selection 

X3213 selection 

54.0+1.4 

38.0+2.3 

16.0+2.7 

32.0 


3. THE LINKAGE OF QUALITATIVE AND QUANTITATIVE FACTORS 

The results of Lindstrom (1928) and our own extensive data (mainly 
unpublished) show that there are a number of definite genetic linkages 
between the known qualitative factors and fruit size genes ; for the present 
purpose part of the first chromosome linkages are chosen (table 3) to illus- 
trate some novel features of gene relationship. These are all crosses of a 
dwarf parent with a tall one; in some cases the fruits of the dwarf F2 segre- 
gates are larger than those of the tall ones, while in other cases, where ex- 
pected, the converse relationship is true. Therefore this linkage of fruit 
size with the dwarf gene must be interpreted as truly genetic and not 
physiological. The important point now concerns a comparison of the 
values in the last two columns of table 3. It will be noted that, whereas 
the absolute difference in grams (next to the last column) between the 
means of the two segregate classes varies a great deal, the percent in- 
creases (in the last column) are relatively constant. Since this percentage 
is found by putting the difference between the class means over the F2 
mean it would appear probable that the action of the true fruit size gene 
or genes linked in this first chromosome is to cause an increase in growth 
which is proportional to the basic fruit size. This illustrates clearly the 
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difference in such a situation between simple additive growth and pro- 
portional or geometric growth. The geometric type of increase prevails 
in this case, and our results show further that the same type of relation- 
ship is exhibited with at least eleven other genes. 

Not only the true size genes, but also those influencing size through 
shape, or general physiological effects display the same action. In our more 
recent studies (MacArthur 1934 a, 1935) we have observed that at least 
two factors, fasciated fruit (f) and lutescent foliage (/), show’' a physiological 
association with size. The fasciation factor always tends to make the 
fruits of the fasciated segregates larger than those of the respective smooth- 
fruited ones, regardless of w^hether the fasciated parent is the larger or the 
smaller fruited. Lutescent, on the other hand, tends to make the fruits 
smaller than those on the green plants in the same F2. It is interesting to 
note that though the differences of the F2 class means of the fasciated and 
smooth in the one case and the lutescent and green in the other are erratic 
when considered in terms of grams, they are rational and subject to 
analysis when considered on a percentage basis. The rough fasciated fruits 
are 60 to 80 percent larger than the regular smooth ones, while the fruits 
of the lutescent plants are 15 to 20 percent smaller than those of the cor- 
responding green plants, carr}dng similar residual genes. 

It is interesting to anticipate here what is taken up more fully in 
section four and the discussion, namely, the physiological mechanism in- 
volved. The evidence to date regarding the action of the fasciated gene indi- 
cates that it exerts its effect in the early primordial stage by proliferating 
more locules; and indeed it would seem logical to infer from observations 
of the number of fasciated flowers that contain two, three, or even four 
separate or partly fused ovaries, that the mechanism is more properly 
characterized as ovary proliferation rather than locule proliferation. No 
matter which of these mechanisms is operating the net result of imposing 
this system on the basic fruit size is the same; that is, the effect of this 
increase in locule number on final fruit size is proportional to the already 
determined locule size and final cell size. Lutescent on the other hand 
seems to retard the later developmental processes so that its effect is also 
proportional to the capital involved. 

4, THE GROWTH OR THE TOMATO FRUIT AS RELATED TO 
CELL NUMBER AND CELL SIZE 

Since 1925 it has been our established practice (without at first realizing 
its significance) to classify tomato plants segregating for fruit shapes (oval, 
pear, fasciated, etc.) and in a general way for fruit size by an inspection of 
the ovary primordium at anthesis. This naturally directed attention to 
growth phenomena during the early period, and in the summer of 1934 
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the junior author made a histological study of cell number and cell size 
during this period and of the influence of these factors on the subsequent 
development of fruit size. Since the majority of our conclusions, though 
derived in a different manner, are essentially the same as Miss Houghtal- 
iNG^s (1935) the reader is referred to her paper for a detailed discussion 
of the influence of cell number and cell size on the mature fruit size. 

Our conclusions may be summarized as follows : — 

1. The period prior to an thesis is characterized by cell division, and any 
differences in ovary size at anthesis are associated entirely with cell 
number and not with cell size. 

2. The post-an thesis period is characterized chiefly by cell expansion, 
cell division being a minor factor which just suffices to maintain the 
epidermis, the cells of which do not expand. 

3. The differential cell expansion takes place early in the post-anthesis 
period and the maximum cell expansion varies greatly in the several 
varieties. 

Since in arriving at these conclusions we made use of the probable num- 
ber of cells present at each stage, some of the figures of which are included 
in table 4, it is advisable to give the method employed in calculating them. 
The variety Yellow Cherry has an ovary diameter of i.i mm and a cell 
wall thickness of .1 mm, the diameter of the cells at this stage is .01 mm. 
From these data the following computations are made, assuming the fruit 
to be a sphere: — 

External volume i.i^X.5236 = .6969 cu. mm 

Internal volume (i.i — .2)^X.5236= .3817 cu.mm 
Volume of ovary wall = .3152 cu. mm 

Volume of cell .01^ = .000001 cu. mm 

Number of cells .31S2/.000001 =315,000 cells. 

By the above method of calculation the cells in the central septa are 
omitted but this does not introduce any serious error, and in our estima- 
tion is preferable to any method that treats the ovary as a solid body. 

Table 4 shows that the tomato species and varieties can be divided into 
three more or less well defined groups as regards cell numbers, with 
L. pimpinellifoUum representing the first group, yellow cherry the second, 
and the esculentum varieties the third. The two Fi hybrids between Red 
Currant and esculentum types as well as Burbank Preserving, known to be 
a selection from such a cross, fall into the second or intermediate group. 
Our more recent data show that all Fi hybrids of i. pimpinellifoUum X 
i. escuienium have cell numbers between 300,000 and 400,000 and fall into 
this class, even when the esculentum variety is Beefheart which has a rela- 
tively enormous 400 gram fruit. 
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In general the larger the fruit the greater the number of cells in its 
ovary; there are however exceptions to this rule which are explained by 
reference to the fifth column where the diameters of the mature cells are 
given. Therefore cell number and cell expansion together account for most 
of the final fruit size, as may be tested by computing the cell mass (from 
the diameters) and multiplying by the cell number. 



CELL DIAMETERS in yi 

Figuhe 2. Graphs indicating that cell expansion and cell size both operate as geometric 
processes. A differential increase in cell numbers is seen in the divergent slopes of the three lines 
and a differential cell expansion in unequal extensions of these lines (see text). 


As cell expansion also plays an important part in the determination of 
fruit size something should be said about its mode of inheritance. Table 4 
shows that the mature cell diameters are also divisible into three classes 
and that these classes bear a geometric relationship to one another. 

The effect of these two factors, cell number and cell size, on the final 
fruit size is brought out clearly in figure 2, where cell diameter is plotted 
against fruit diameter. The relationship between cell and fruit diameter 
is evidently a straight line, the slope of the line in the case of the two 
parents being very different and the Fi being intermediate. The differences 
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in slope indicate that for any given cell size the Tangerine has a much 
larger fruit than does the Red Currant, because of the greater number of 
cells present in the Tangerine variety. The amount of divergence between 
the three lines is therefore the effect of initial cell number; the greater 
the cell expansion the larger the absolute differences between the three 
lines, but the relative differences remain the same. By observing the end 
points on each line the effect of cell expansion on fruit size can be studied. 
If we hold cell number constant, by plotting the final cell sizes all on a line 
with the same slope, such as the extrapolated Red Currant and Fi lines. 


Table 4 

The number of cells in the pericarp wall of tomato fruits at flowering time and the cell diameters 
in mature fruits. The cell she at anthesis in all varieties is taken as .01 mm. 


VARIETY 

FRUIT 

WEIGHT 

(grams) 

OVARY 

DIAMETER 

(mm) 

THICKNESS 

OF WALL 

(mm) 

NUMBER OF 

CELLS IN 

THOUSANDS 

MATURE CELL 

DIAMETERS 

(micra) 

Red Currant 

I . I ± . 005 

•8s 

.086 

164 

no 

3313 (902XR.C.) 

7.2+ .06 

00 

0 

H 

. 10 

303 

200 

3210 Fi (TangXR.C.) 

8.3± .07 

1.09 

. 10 

309 

220 

Yellow Cherry 

4.2+ .11 

I.I 

. 10 

315 

120 

Burbank Preserving 

S-2± .09 

1.2 

.09 

401 

140 

Yellow Peach 

42.6± 2.0 

i.S 

.08 

507 

400 

Devon Surprise 

S8.0±2.2 

1.4 

. 10 

531 

400 

Banalbufor 

33 -i±i-o 

1.5 

. 10 

617 

350 

902 selection 

56.2+ .05 

1.6 

.08 

640 

400 

Stirling Castle 

98 ± 5*4 

1.7 

.08 

659 

360 

Tangerine 

173 ± 3-6 

1.8 

.08 

74 S 

550 

John Baer 

<59.6 + 3,4 

1.8 

.09 

829 

470 


we find that the fruit diameters read from these points show geometric 
progression. Hence we are dealing with two geometric factors^hich to- 
gether would account for the observed relationship between parents and 
Fi shown in table i, and the effect of cell expansion superimposed on cell 
number is to accentuate the geometric relationship. A similarity may be 
seen in the time of operation of these two factors, differential cell division 
taking place in the early part of the pre-anthesis period, and differential 
cell expansion taking place in the early part (first nine days) of the post- 
anthesis period. 

From the Pi and Fj data there at first appeared to be a correlation be- 
tween cell number and cell size. But in the F2 population the apparent asso- 
ciation between cell number and cell size proved to be a pseudo-correla- 
tion; for when the weight is held constant by partial correlation methods 
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we may safely conclude that cell number and cell expansion are really two 
separate genetic entities. 

Letting w= mature weight, s=cell size, and n = cell number, the cor- 
relations are as follows: 


r«.^s = + .674 + .038 

= + .4^1 ±-059 r,„.«= + .0009 + .70 

Tun = +.523 ±*051 

Thus the study of cell number and size, and of the growth of the 
tomato fruit through all but the earliest primordial stages of its develop- 
ment, has led to some definite results which may be associated with the 
genetic findings. Parents of different fruit size, and their reciprocal crosses 
in Fi, F2 and backcross generations come early to differ in cell numbers in 
their growth. This early difference in cell number is followed by a subse- 
quent brief period of differential cell expansion. The growth in the long 
final period is approximately equal both in rate and duration in all 
varieties and hybrids. 

The data presented under headings i to 4 draw attention to four lines 
of approach to the problem of fruit size inheritance, each leading to the 
same conclusion. Collectively they form a substantial support to the fallow- 
ing hypothesis. 

A W^ORKING HYPOTHESIS OF FRUIT SIZE INHERITANCE 

A view has already been proposed (MacArthur 1935, Butler 1937) 
that appears tenable for the tomato data and adequate to explain the 
principal results described. The basic size factors are considered as rate 
genes, one group of which governs the rate of division (or the duration of 
active mitosis) in the formative stages from the earliest establishment of 
the fruit primordium to anthesis. Earlier or later in this limited time-effec- 
tive period a large-fruited variety or species undergoes a few more cell 
divisions than a smaller-fruited one. The differences of cell numbers 
found in fruits of typical varieties (table 4) are such as would be caused by 
a difference of one or two divisions out of at the most 17--19 divisions. 
Each extra division at this stage doubles the initial capital. Ovary pro- 
liferation and formation of additional locules may both increase this 
capital. On the basis of such differences in cell number at anthesis, the size 
increases occurring later by expansion of each of the cells is therefore pro- 
portional to the cell number. Increase of capitals at equal rates over equal 
periods of time by the compound interest rule results in comparatively 
vast absolute differences in final fruit sizes. There is, however, the further 
evidence suggesting that other factors governing cell expansion itself may 
be also geometric in their action (fig. 2). Since both basic processes, con- 
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tro llin g cell number and cell size, are probably geometric in nature, the 
mature fruit sizes would be such as were observed (tables i and 2). 

From the genetic aspect, the allelic size factors from parents of different 
size would control the rate and number of divisions in the corresponding 
formative period of the Fi hybrid. Thus a blending of mitotic rates results 
in the “dominance of small size” (wild type) factors in the fruit of the 
hybrid, that is, in a geometric mean of ultimate size as far as cell number 
is involved; a partial dominance of the slower rate would reduce the Fi 
size even below the geometric mean (table i). 

A small parent with cells from x mitotic divisions crossed with a large 
parent with x+2 divisions would produce an Fi with fruit size character- 
ized by x-j-i divisions. This latter number is also the average of the F2 
generation, but with factor segregation increasing the variability as in the 
usual theory. To illustrate with an actual case, the cross of the 164,000- 
celled Red Currant with the 745,000-celled Tangerine was observed to 
produce an Fi hybrid bearing fruits of 309,000 cells. In the two backcrosses 
the expected less-than-intermediate number of cells are evidently formed, 
as shown by the ovary sizes and the geometric means. 

Similar considerations are obviously applicable to cell expansion (data 
in last column of table 4) . In any case a large amount of variation in fruit 
sizes would be expected for at least two reasons, quite apart from the 
known modifying effects of environment and of genes controlling shape, 
locule number, etc (Yeager 1937) : (i) Doubtless mitoses do not continue 
synchronously in all cells of the anlage, at least after chemo- and histo- 
differentiation begin. Accordingly cell numbers in varieties and hybrids 
are not expected to conform strictly to any 1:2:4 series. (2) Cell division 
and cell expansion appear to be largely independent processes; if so, the 
possible combinations of cell numbers and sizes would be numerous and 
varied enough to give a wide range of fruit sizes. An attempt is being 
made to S3Tithesize and select some of these combinations, for example 
fruits containing the Red Currant cell number and the Tangerine cell size, 
etc. Each such selection should theoretically be obtainable with or without 
fasdation, with high or low locule number, and in varying shapes. Collec- 
tively these selections would be expected to duplicate most of the fruit 
types occurring in the known cultivated varieties and wild species. 

DISCUSSION 

The familiar view of size inheritance in its simplest form assumes that 
size genes i) are numerous, 2) lack donoinance, produdng a blend as re- 
gards size in the Fi hybrid, 3) are equal, and 4) simply additive in their 
effect, producing S3anmetrical Fa distributions, and that 5) their segrega- 
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tion and assortment explain the increased variance of the Fa population 
and the different means and variance of F3 selections. 

Objection is raised only to attributes 2], 3) and 4). The assumed lack 
of dominance is patently inconsistent with the observed behavior of the 
bulk of qualitative genes and with the dominance theory of heterosis, 
which also deals with the same or similar quantitative factors. The cases 
actually analyzed have often revealed some major and other accessory or 
modifying size genes. The F2 distributions are frequently asymmetrical. 

In the tomato where the analysis of fruit size has perhaps been carried 
farther than in other species, genetic studies have from the first shown 
clearly that the fruit size is gene-transmitted, size as a character being 
unusually complex and multifactorial. Many typical recessive mutant 
factors affecting size have been recognized and located in chromosomes 
(MacArthur 1934b); some of these exert their important size effects by 
modifying fruit shape or locule number or both (Yeager 1937); for ex- 
ample, the genes for fasciation (J) and those raising the locule number 
increase fruit size, probably by increasing the basic cell number, while at 
least two genes which elongate the fruit (ovate, 0, and “plum”) tend to 
decrease its size. Other recessive genes with marked and distinguishing 
specific qualitative effects also have a general or physiological influence on 
size (MacArthtjr 1934a, 1935; Castle 1936); lutescent ( 0 , a chlorophyll 
deficiency, slows down both plant and fruit growth and decreases the 
ultimate size of the fruit; tangerine (t) and possibly peach (p), on the other 
hand, appear to enlarge the fruit perhaps by acting on the cell expansion 
mechanism. Linkage experiments have shown the existence of other fac- 
tors, for example, in chromosomes I, II and III, which presumably act as 
“size genes” per se for they produce their size effects when fruit shape, 
locule number, and all known qualitative factors are held constant. 

These instances show that the several identified factors controlling size 
obviously do not necessarily or always lack dominance. Many are known 
to exhibit a fairly typical dominant-recessive relationship. It is relevant 
to mention also that the dominance theory of hybrid vigor implies an F? 
asymmetry, but not of the kind observed, since the skewness is negative 
if large size is dominant (Ashby 1937c, pp. 432-33). 

Some of the factors isolated are certainly unequal, for they have been 
shown to affect size by varying amounts. Several of the genes determining 
size or number of cells are apparently distinct in nature and mode of in- 
fluence, inasmuch as they affect different processes and act at different 
times in ontogeny. The histological analysis of fruit development, though 
still far from complete, already directs attention not to one process only, 
but to many (rate and duration and localization of cell division, rate of 
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advancing differentiation, time and amount of cell expansion, etc). It is 
certainly clear that some of the chief size factors influence ovary prolifera- 
tion (/), or locule number, others localization of differential growth (/, o, 
plum); and still others probably determine fruit cell expansion it, p) or 
fruit cell division rate or general plant growth (/). These factors being dis- 
similar in nature and unequal in effect, no linear relation would be ex- 
pected or possible between the number of factors and the size of the fruits. 
What they have in common is that most of them act comparatively early 
in fruit growth, and probably all of them act, whether directly or in- 
directly, on processes of a geometric nature. 

Since the Fj distributions are strongly and positively skew the inter- 
action of the various size factors can hardly be either arithmetically cumu- 
lative in total effect or according to a law of diminishing returns. Both the 
Fi positions and the Fa distributions are features associated with geometric 
growth, and show the likelihood that consideration of geometric processes 
will prove indispensable for an imderstanding of size inheritance. Since 
cell number and size are of widespread importance in many processes in- 
volving embryological organization and physiological functions, it is 
possible that quantitative characters other than size may also have a 
geometric basis. 

It deserves some notice that conclusions in many ways parallel have 
been reached recently by several investigators working with quite different 
materials and objectives. In mutant races of Drosophila, an eye size di- 
rectly proportional to that characteristic of the imago has been fixed and 
is already detectable in the anlage by the time the first 11.6 percent of the 
total development period is completed (Medvedev 1935). The breed 
differences in body size of rabbits are evident when only five or sis cleavage 
divisions have occurred (Castle and Gregory 1929, Gregory and 
Castle 1931) ; and in chickens such ceU number differences are discernible 
in the embryos before hatching (Bldnn and Gregory 1935). The latest 
work on the physiology of heterosis (Ashby i937a,b, c; Luckwill 1937 ; but 
contrast East i 936) has again referred the greater size of Fi plants displaying 
a marked hybrid vigor to an initial advantage in size of the embryo pri- 
mordium. Such cases from both animals and plants suggest that some 
common and consistent e^lanation may be found to account for the 
genetically determined size differences characteristic of parts or of whole 
organisms. 

These observations concentrate attention on the present need for re- 
searches i) to discover just how early and by what factors the differences 
in amount of capital, that is, the number and size of cells comprising the 
primordium of the organ anlage or embryo, are determined; 2), to demon- 
strate more precisely by linkage studies the existence and nature of factors 
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more or less specifically controlling cell number and cell size, and obtain 
such factors in their various combinations, and 3) to unify the theory 
underlying heterosis and quantitative inheritance in general. 

SUMMARY AND CONCLUSIONS 

The tomato provides especially favorable material for the study of fruit 
size inheritance from the combined genetic and developmental aspects. 
Many qualitative and quantitative factors have been identified and 
mapped whose specific or general size effects have been localized as to 
time, site and general mode of action. 

That fruit size fundamentally involves geometric processes is indicated 
by four different lines of approach: 

1) The average Fi, F2 and backcross fruit sizes approach more closely 
to the geometric mean of the parent varieties or species crossed, than to 
their arithmetic means, as is usually supposed. 

2) Linked size genes, as well as fruit shape and other genes affecting 
size, appear to operate on a percentage basis. 

' 3) The Fo distributions are positively skew. 

4) Histological analysis of developing fruits shows that the basic phe- 
nomena involved are those controlling cell number and cell size, both of 
which appear to act during limited time-effective periods (p. 260), and in 
a geometrical manner. 

The characteristic variety or species fruit sizes are anticipated in the 
size of the ovary primordium, which in turn is determined by differences 
in cell number (brought about by different rates of cell division in the pre- 
anthesis period), and by varying amounts of cell expansion (fixed in the 
first days after anthesis). On the basis of the unequal cell numbers and 
sizes established in the early anlage the later observed proportionate or 
percentage increases produce relatively enormous absolute differences in 
mature fruit size. 

A theory proposed to account for the histological observations and the 
genetic results is that rate genes control in the main two basic geometric 
processes, some determining the number of cell divisions, others the 
amount of cell expansion. Together the factors govern differential growth 
in size of the primordia, creating unequal amounts of initial capital. It is 
such genes acting geometrically the heterozygous combinations of which 
produce the Fi fruit sizes noted and the assortment of which explains the 
means and skewness of the Fs distributions. 
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I N PREVIOUS studies made in cooperation with former colleagues at 
the Bussey Institution of Harvard University, it was found that 
certain recessive mutant genes, when homozygous, increase the body size 
of mice, whereas other mutant genes decrease the body size. 

In particular the brown (or chocolate) gene was found to increase adult 
body weight by 3 or 4 percent, and body length by about 1.5 percent. 
That the brown mutation increases body size was independently dis- 
covered and first reported by Feldman (1935), who made observations 
on the relative body weight of black and of brown individuals in three 
different races of mice in which the two alternative colors were occurring 
together in the same litter. He gives averages for a group of from 35 to 
50 mice of each sex and color, weighed at monthly intervals between the 
ages of one month and six months. At each of the six weighings in both 
sexes, the brown mice were heavier than the blacks by from 1.6 to 5.6 
percent. Combining the percent differences for both sexes, the series runs 
thus: 

Age in months i 2 3 4 5 6 

Browns heavier, in percent 2.8 2.2 2.0 3.1 2.4 3.5 

From this it would seem that the brown gene, in Feldman's observations 
as m our own, when homozygous makes mice heavier by about 3 percent 
than when it is heterozygous, and further that this influence is of about 
the same strength at all ages. The growth period studied by Feldman 
covers that from an average weight of about 9 grams at one month of age 
to a weight of about 23 grams at six months of age in males of race H. 
In race J the corresponding weights are 10 and 32, and in the third race 
(IHJ) they are 9.8 and 26.6. 

From the fact that the percentage difference is substantially the same 
at I, 4, and 6 months of age in Feldman's mice, it seems probable that 
it was already effective at birth or even earlier (as genetic size differences 
are in rabbits). 

The dilution gene also was found by us to increase body weight and 
body length, though to a less extent than the brown gene, but tail length 
was in several crosses increased more strongly by dilution than by brown, 
indicating a special localized action of the dilution gene. 

The combined action of the two genes, brown and dilution, was about 
equal to the sum of their effects when acting separately. 
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An opposite effect, decrease of body size was found to occur, when the 
gene for short ear or the gene for pink eye was present in homozygous 
state. The gene for short ear was thought to reduce body weight by about 
5 percent, the gene for pink eye by less than one percent, though the 
evidence was not altogether clear. 

In the case of the agouti gene, no evidence was found that it either 
increases or decreases body size. 

In continuance of this line of research, an experiment has recently been 
made to ascertain what effect, if any, the albino mutation c has on body 
size. The conclusion reached is that it has no effect, since individuals 
homozygous for albinism do not differ in average size from their colored 
litter mates which are heterozygous for albinism. The evidence on which 
this conclusion is based will now be presented. 

In the fall of 1936, in the Veterinary Science Laboratory of the Uni- 
versity OF California, a cross was made between albino mice of the 
formula A A bb cc and dilute brown colored mice of the formula aa bb CC. 
The albino mice were kindly supplied by Dr. E. C. MacDowell, the 
dilute brown mice were obtained from the Supply Department of the 
Roscoe B. Jackson Memorial Laboratory. Both races had been long 
inbred and so would be theoretically of complete genetic uniformity. In 
making the cross albino females were mated with dilute brown males. The 
Fi young, like their albino mothers, were animals of remarkable size, vigor, 
and fecundity. In color they were cinnamon and their genetic formula 
obviously would he Aabb Cc. That is, they were heterozygous for agouti 
and for albinism, but like both parents were homozygous for the brown 
gene. 

Fi females were now backcrossed with males of a triple recessive albino 
race kindly supplied by Dr. L. C. Strong, his long inbred race A, which is 
of the formula aa bb cc. The resulting backcross mice fall into four genetic 
classes expected to be numerically equal one to another, Aabb Cc (cinna- 
mon), aa bb Cc (brown), Aabb cc (albinos potentially cinnamon), and 
aa bb cc (albinos potentially brown). The last two classes are indistin- 
guishable in appearance and so there are really only three phenotjqjes, 
cinnamon, brown, and albino, and their expected proportions are 1:1:2. 
In a backcross population of 1252 mice raised to an age of six months, 
the actual numbers are 334 cinnamon, 308 brown, and 610 albino, a suffi- 
ciently dose approximation to the expected 1:1:2 ratio. 

A comparison of individuals of the three phenotypes should show 
whether genes A, a and C,c, in their alternative forms exercise any appre- 
dable influence on body size. If the gene A exerdses any influence on size 
different from that of its allele, 0, then the cinnamon mice (A a) should 
differ significantly in size from the browns {aa). And if gene C exercises 
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on size an influence different from that of its allele, c, then the average 
size of the colored mice (cinnamons and browns, which agree in being Cc 
in formula) should be different from that of the albinos, which are all cc 
in formula. 

Animals of the backcross population were weaned at an age of three 
or four weeks. The sexes were caged separately, about 1 2 or 1 5 animals 
to a cage, and kept constantly supplied with Purina Dog Chow and water. 
They were weighed individually at monthly intervals from about four 
months of age, and the maximum weight recorded for each animal was 
regarded for statistical purposes as its adult weight. In the case of females, 
which were of course not allowed to breed, the IBinal weight observ’-ation 
made was usually the maximum, or at any rate there was little decline up 
to six months of age from a maximum previously attained. In the case of 
males the maximum was often attained as early as four months of age, 
subsequent to which weight might be lost from fighting but this did not 
seem to affect either body length or tail length, if the tail remained unin- 
jured. In case the tail was severely injured by fighting, its length was not 
included in the calculation of average tail length. This accounts in part 
for the smaller number of animals tabulated as to tail length. But there 
also occurred a certain number of animals in both sexes which had stubby 
tails obviously abbreviated at birth by an overzealous mother in the 
process of cleaning the new born young, or else congenitally shorter and 
stubbier than normal as to tail form. These also were omitted in tabulating 
the data on tail length. 

The tail length in these backcross mice was measured from the point 
to which the body fur covers the tail (disregarding the longest contour 
hairs) to the tail tip (projecting hairs however being here disregarded). 
The tail measurement was made independently of the body measurement 
and the difficulty in determining the point on the morphological tail to 
which the body fur extended will account in part (but only in part) for 
the greater variability of the tail measurement, as compared with that of 
body length. Actually tail length varies more in relation to body length, 
than body weight does. This is indicated by the lesser magnitude of the 
correlation coefficient between tail and body when compared with the 
correlation coefficient between weight and body. Weighing was done with 
a Toledo scale, which proved both expeditious and accurate to within 
0.2 gram. 

When the animals were six months old they were chloroformed and 
measurements were taken of the body length and tail length of each animal 
after Sumner’s method, keeping the body slightly stretched under tension 
of 20 gram weights attached to teeth and tail respectively. 

Table i contains a summary, for each sex separately, of the observa- 
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tions on body weight, body length, and tail length. Males are in all three 
respects larger than females and so are summarized separately, but no 
phenotype differs significantly from either of the other phenotypes of the 
same sex in weight, body length, or tail length. 

Brown males average a trifle larger bodied by aU three criteria than 
cinnamon males, but the difference is less than twice the probable error 

Table i 


Comparative body size in a hackcross population, of mice of the three phenotypes, cinnamon, brown 
and albino, as indicated by body weight, body length and tail length. 


MALES 

NO. 

AVERAGE 

NO. 

AVERAGE 

NO. 

AVERAGE 



WEIGHT 


BODY LENGTH 


TAIL LENGTH 

Cinnamon 

173 

39-4S±-i6 

172 

102 .66 ± . 10 

165 

93-75 

Brown 

153 

39.9if.i4 

153 

102. 92 ± . 10 

146 

93-82 

Cin. and br. combined 

326 

39.67± .09 

325 

102.78+ .07 

3II 

93-77 

Albino 

310 

39.54±-09 

310 

102. 58 ± .07 

304 

93-82 

Total 

636 

39. 61 +.05 

635 

102.68+ .03 

615 

93 . 79±-07 





errs I .90± .03 


O' ==2.91+ .05 

FEMALES 







Cinnamon 

161 

30.78 

161 

98.38 

161 

90.89 

Brown 

15s 

31*34 

155 

98.10 

154 

90.68 

Cin. and br. combined 

316 

31.09 

316 

98.22 

315 

90.78 

Albino 

300 

31*47 

300 

98.75 

295 

91.02 

Total 

616 

31.27 

616 

98.33 

610 

90.90 


and so not significant. And in the case of females, this relation is reversed 
at least as regards body length and tail length, for cinnamon females ex- 
ceed their brown sisters slightly in these measurements. We may conclude 
therefore that the Aa phenot3T>e does not differ in body size from the aa 
phenotype, which conclusion agrees with that reached in experiments pre- 
viously reported. 

We come now to the prime objective of this experiment, to discover 
whether albinism has a tendency either to increase or to decrease body 
size. For this purpose we may compare the average body size of colored 
individuals with that of their albino litter mates. The combined cinnamon 
and brown classes constitute the colored individuals, the body size of 
which is to be compared with that of the albinos. The 326 colored males 
of table I have an average body weight of 39.67 grams; the 310 albino 
males average 39-54 grams. The difference between these averages is .13 
gram, which scarcely exceeds the probable error, .12 gram, and so is not 
significant. 
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In body length, the colored males are just .10 mm longer bodied than 
the albinos, a difference which just equals the probable error. In tail length 
the difference between colored and albino males is also insignificant, being 
only .05 gram, actually less than the probable error. Albinism accordingly 
is without detectable influence on the body size of males. 

A similar conclusion is reached in the case of females from a comparison 
of the body size of colored and of albino females. The average body weight 
of 316 colored females is 31.09 grams. For 300 albino females, it is .38 gram 
greater but this is less than the difference in weight between the two 
colored classes, cinnamon and brown, which on grounds already discussed 
was not considered significant. Also the relation between the colored and 
the albino females as regards body w^eight is the reverse of that observed 
among the males, since colored males w'ere heavier than albino males, but 
colored females weigh less than albino females. Probable errors were not 
calculated for the female population, but if they are substantially the same 
as for the corresponding groups of males, the difference in weight between 
colored and albino groups would not have statistical significance. 

The albino females, as regards body length and tail length, as well as 
body weight, are slightly larger bodied than their colored sisters, but this 
relation is doubtless a consequence of random sampling and not indicative 
of genetic differences, as is shown by the following considerations. As the 
data were accumulated, they were from time to time summarized. Three 
such partial summaries were made, about 200 individuals being included 
in each. In two of these summaries the average "weight of the brown fe- 
males was greater than that of the ciimamons, but in the third summary 
the cinnamons were heavier than the browns. Also in two of the partial 
summaries colored females are heavier than albinos, but in the third 
summary albinos are heavier than colored individuals. 

That it is through general rather than local growth processes that genes 
commonly influence body size is indicated by the positive correlations 
which exist between body weight, body length, and tail length. An individ- 
ual which is large by one of these criteria is also large by the other criteria, 
and an individual which is small by one criterion is also small by the 
others. This is true even within inbred races and populations derived by 
crossing such inbred races, as in the present experiment. Here genetic 
uniformity is nearly complete and such variability as exists must be re- 
ferred almost wholly to accidents of development. Organic correlations 
are regularly less within inbred populations where genetic influences are 
uniform than in other populations in which genetic influences are variable. 
For example, in the backcross population described by Castle, Gates 
and Reed (1936), where several genes affecting body size were segregating, 
the correlation between body weight and body length was found to be 
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.65±.oi in the case of females, and .66 + .01 in the case of males. But in 
the present experiment in which variation is uninfluenced by genes affect- 
ing body size, the corresponding correlation for males is only .55 + .01. 

Tail length shows a greater degree of independent variability than either 
weight or body length. The correlation between body length and tail 
length was found to be only .26 ±,02 in the available male population of 
613 individuals, in which were included only those with uninjured tails. 
In a previous publication the gene mutation dilution was found to exert 
a direct influence on tail length, in addition to the indirect influence which 
in common with the brown mutation it exerts through its action on general 
growth. In the present experiment homozygous dilution does not occur 
in the backcross population, so this complication is avoided. 

SUMMARY 

An experimental test was made of the influence of the albino mutation 
on the body size of mice. Albino females of an inbred race {AAhhcc) were 
crossed with dilute brown males {aahbCC), The Fi mice, cinnamon in color, 
were AabbCc, Fi females were backcrossed to triple recessive inbred males 
aabbcc. Mice of three phenotypes were produced, cinnamon (AabbCc), 
brown (aabbCc), and albinos (either Aabbcc or aabbcc). These three pheno- 
t}T)es in a backcross population of 1252 animals occurred in the expected 
ratio, 1:1:2. The animals were grown under uniform conditions to an age 
of six months, then killed and measured as to body length and tail length, 
having been previously weighed at monthly intervals. The body size of 
each individual was judged by three criteria, maximum weight at or prior 
to six months of age, body length and tail length. 

No significant difference was found between body size, as estimated by 
any one of these criteria, among the three phenot)^es. In particular the 
colored classes were neither larger nor smaller bodied than the albinos. 
The conclusion is reached that albinism, (and incidentally also the non- 
agouti mutation) is without influence on body size. Among the 635 male 
individuals the correlation between weight and body length was found to 
be .ss±.oi. Among 613 available males the correlation between body 
length and tail length was found to be .26 ±.02. 
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T he present paper deals with six new mutant characters in Sciara 
found in this laboratory. In addition, two mutants are recorded 
which appear to be identical with or allelic to two of these characters. Of 
the six, one is an autosomal dominant in Sciara coprophila Lintner, and 
one a sex-linked recessive in Sciara ocellaris Comstock. The remaining 
four, including one autosomal dominant, two sex-linked dominants, and 
one sex-linked recessive, are in Sciara reynoldsi Metz (Metz, in press). 
Selective segregation of chromosomes has previously been established in 
three species of Sciara (Metz 1926, 1928, 1929). The present paper es- 
tablishes selective segregation in two other species; namely, S. ocellaris 
and 5 . reynoldsi. 

The dominant characters were found by the second author among the 
descendants of .flies which had been exposed to radium. The radiation was 
done at the Howard A. Kelly Hospital in Baltimore through the kindness 
of Dr. Fred West, to whom we are greatly indebted. Whether the muta- 
tions were produced as a result of the radiation cannot be stated definitely, 


Table i 

Linkage data for the character “Stop” in S. coprophila. 


TEST 

CASES 

TOTAL 

ELIES 


CLASSIFICATION OF FLIES 

PERCENTAGE OF 

CROSSING 0 \^R 




D 

F 

DF 

+ 


DXF 

16 

1177 

297 

279 

301 

300 

Not linked 




5 

C 

SC 

+ 


sxc 

9 

40s 

109 

73 

80 

143 

Not linked 




S 

F 

SF 

+ 


SXF 

18 

688 

338 

349 

X 

0 

0.15 




s 

Dl 

SDl 

+ 


SXDl 

32 

1160 

587 

570 

I 

2 

0.26 




s 

B 

SB 

+ 


SXB 

22 

852 

445 

404 

0 

3 

0.35 




S 

D 

SD 

+ 


SXD 

12 

393 

152 

190 

21 

30 

12,98 




S 

tr 

Sir 

+ 


SXtr 

24 

1357 

563 

414 

183 

197 

28.00 
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since Sciara has proved to be very resistant to radiation. Since the charac- 
ters are dominants, it seems probable that some of them, at least, were 
produced at the time of radiation. Otherwise, they should have appeared 
previously in the stock cultures. 

The sex-linked recessive in S. reynoldsi was found by the first author, 
and the genetical tests, analyses, and descriptions presented here (with 
the exception of the sex-linked recessive in S. ocellaris, which was found 
and analyzed by Mrs. E. Gay Lawrence) are by the first author. 

I. The mutant character Stop in S. coprophila 

a) Origin. Stop is an autosomal dominant which was found on February 
20, 1936^ in a female, the mother of which had been treated with 8 gm. 
hrs. of radium. 

SUBCOSTAL CELL 



Figxjiue I. Diagram of normal Sciara wing. Terminology after Johannsen. Ri, first branch of 
radius; Rs, posterior branch of radius; M, media; Mi-f 2, anterior branch of media; M3-I-, 
posterior branch of media; Cui, anterior branch of cubitus; Cu2, posterior branch of cubitus. 

b) Description. In the Stop wing (see fig. i for diagram of normal Sciara 
wing) the posterior branch of the radius vein and the anterior and posterior 
branches of the media vein end before they reach the wing margin. Stop 
is a clear-cut and constant character, which can be recognized easily in 
crosses that involve other wing characters. Stop flies exhibit excellent 
viability as shown by the fact that heterozygous Stop females crossed to 
wild type males give progenies which closely approximate a i : i ratio. 
Seven pair matings of this type selected at random gave 132 wild type 
to 1 18 Stop flies. 

c) Genetic behmior of males. The transmission of Stop through males 
follows the typical Sciara pattern, that is, males transmit only the genes 
derived from their mothers. From crosses of wild type virgin females to 
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Stop males which received Stop from their mothers, the offspring are all 
Stop. On the other hand, the offspring from crosses of wild type virgin 
females to Stop males which received Stop from their fathers, are all wild 
type. 

d) Linkage, Genetic tests, corroborated by cytological observations, as 
shown below, indicate that Stop involves a translocation between chromo- 
somes II and IV. 

Crosses of virgin wild type females to Stop males (which received Stop 
from their mother) revealed that Stop was not sex-linked. If it were sex- 
linked, the Fi males from such a cross would all be wild type, since the 
paternal X is eliminated from the soma cells in the male at about the 
eighth cleavage division (DuBois 1933). The Fi males from such a cross, 
however, are all Stop, indicating that the Stop character is an autosomal 
dominant. Three autosomal linkage groups have been identified in S, 
coprophila (Smith-Stocking 1936): chromosome II, with the characters 
truncate and Dash; chromosome III, with the Curly character; and chromo- 
some IV, with Blister, Delta, and Fused, 

(1) Tests with Chromosome III: StopXCurly {S'yiC), Tests summarized 
in table i show that Stop is not in Chromosome III. 

(2) Tests with Chromosome IV: StopXFused {SXF), The data, given 
in table i, indicate that Stop is "in” chromosome IV and closely linked 
to Fused. 

StopXDelta {SXDt), and StopXBlister (SXB). Similarly, Stop was 
found to be linked to Delta and Blister. From table i we find the crossover 
value between Stop and Delta to be 0.26 percent, while that between Stop 
and Blister is 0.35 percent. Delta and Blister are probably alleles. Smith- 
Stocking (1936) reports 6.9 percent crossing over between Delta and 
Fused and 7.0 percent crossing over between Blister and Fused. 

(3) Tests with Chromosome II: StopXDash {SXD), Crosses between 
Stop and Dash revealed that Stop is linked also to a character in chromo- 
some II. Tests between Stop and Dash gave a crossover value of 12.98 
percent between Stop and Dash. The question arose as to whether Dash 
was really in a linkage group distinct from Blister, Delta, and Fused. 
Smith-Stocking’s report (1936) gives clear-cut evidence that neither 
Blister nor Delta is linked to Dash; however, no direct tests between 
Fused and Dash are recorded. In order to clarify this point, tests were 
made between Dash and Fused. Classifying the offspring from these 
crosses was somewhat complicated since Fused obliterates one of the 
characteristic effects of the Dash gene, that is, the "Dash” vein situated 
between the anterior and posterior branches of the cubitus vein. However, 
Fused does not obliterate the brownish marking along the posterior branch 
of the radius which is also a characteristic effect of Dash. The tests be- 



278 H. V. CROUSE AND HELEN SMITH-STOCKING 

tween Dash and Fused indicate deiGinitely that Dash and Fused are located 

in different chromosonaes. 

Stop X truncate Tests between Stop and truncate gave further 

proof that Stop is linked to characters in chromosome II as well as to those 
in chromosome IV. Such tests gave a crossover value of 28 percent between 
Stop and truncate. 

e) Conclusion. In view of the genetic evidence presented above, Stop is 
believed to be due to (or accompanied by) a translocation between chromo- 
somes II and IV. Cytological examination of the salivary gland chromo- 
somes of heterozygous Stop flies shows that there is a translocation be- 
tween two of the four pairs of synapsed somatic chromosomes. This trans- 
location makes it possible to identify cytologically the four linkage groups 
in S. coprophila; the translocation distinguishes chromosomes II and IV , 
and the X chromosome is distinguishable from chromosome III by its 
unpaired condition in the male soma (that is, in salivary gland cells). 

The Stop translocation apparently affects crossing over in both chromo- 
somes, II and IV. In chromosome IV Smith-Stocking (1936) found 6.9 
percent crossing over between Delta and Fused and 7.0 percent crossing 
over between Blister and Fused. From table i we find the crossover value 
between Stop and Fused to be 0.15 percent, between Stop and Delta 0.26 
percent, and between Stop and Blister 0.35 percent. It appears, therefore, 
that the Stop translocation cuts down crossing over in chromosome IV. 
On the other hand, Stop apparently increases crossing over in chromosome 
II, since the crossover value between Stop and Dash is 12.98 percent and 
that between Stop and truncate 28 percent; while the crossover value 
between truncate and Dash reported by Smith-Stocking (1936) is only 
2.8 percent. 

II. The mutant character ^ yellow*^ in S. ocellaris 

a) Origin. A yellow male was found in a normal wild type culture of 
Sciara ocellaris on February ii, 1935 ^>7 Mrs. E. Gay Lawrence. 

b) Description. Yellow is a body color which extends to most parts of 
the fly except the eyes and bristles. It is clear-cut and constant and can 
be readily distinguished from wild type. 

c) Genetic behavior. Yellow behaves as a sex-linked recessive (first 
analyzed by Mrs. E. G. Lawrence). Yellow females from the monogenic 
strain give either male or female families (a few ^^exceptionaF' males and 
females are found). Thus, if a yellow female-producing female is mated to 
wild type males, all of her daughters should be phenotypically wild type. 
On the other hand, if a yellow male-producing female is mated to wild 
type males, all of her soiis should be yellow, since the paternal sex 
chromosome is normally eliminated from the male soma at an early cleav- 
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age stage (DuBois 1933). However, it may be mentioned here that there 
are many cases of irregular sex-chromosome elimination in this yellow 
strain (unpublished data of Mrs. E. Gay Lawrence and of Crouse). 
For instance, a number of males have been found which retained the pa- 
ternal sex chromosome in their soma instead of the maternal sex chromo- 
some.^ Normally Sciara males transmit only those characters which are 
maternal in origin. An attempt has been made to determine whether these 
irregular males which retain the paternal sex chromosome in the soma line 
transmit this chromosome, but all such males tested have proved to be 
sterile. 

IIL Mutant characters in S. reynoldsi 
I. Puff 

a) Origin, Puff is an autosomal dominant which appeared in a digenic 
strain of S, reynoldsi. It was found on January 4, 1936 in a male, the 
mother of which had been treated with 5 grm. hrs. of radium. 

b) Description and genetic behavior. Puff is very similar to the character 
“Blister” in S. coprophila. It appears as a blister or vesicle at the juncture 
of the posterior and anterior branches of the media vein. The Puff char- 
acter is variable; it ranges all the way from a large blister to a slight swell- 
ing, and in some cases overlaps normal. Fifteen pair matings of Puff fe- 
males X wild type males, selected at random, gave the following offspring: 
294 wild type females, 204 Puff females, 283 wild type males, 165 Puff 
males, that is, approximately 63 offspring per female. On the other hand, 
fifteen pair matings selected at random of wild type females by wild type 
males gave 515 females and 903 males in the Fi, that is, approximately 
95 offspring per female. 

Homozygous Puff females have never been found. Puff females derived 
from the cross, Puff female X Puff male (Puff from mother), have all proved 
to be heterozygous. Apparently, therefore, Puff is lethal in homozygous 
condition. The transmission of Puff through the male line agrees with that 
of other characters in Sciara. Puff males which receive the character from 
their mother transmit it to all their offspring, whereas Puff males whch 
receive Puff from their father do not transmit it at all. 

2. Vesiculated 

a) Origin, A Vesiculated female was found on January 6, 1936 in a 
digenic culture of S. reynoldsi. The parents of this Vesiculated fly had 
been exposed to 3 grm. hrs. of radium. 

^ Such irregular elimination does not appear to be associated with the yellow locus itself, since 
the paternal sex chromosome retained in some cases has carried yellow and in other cases its 
normal allele. 
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b) Description and genetic lehavior. In appearance, Vesiculated is identi- 
cal with Puff; it is likewise variable, ranging all the way from a large 
blister to a normal juncture of the posterior and anterior branches of the 
media vein. Like Puff, Vesiculated is lethal in homozygous condition. 
However, it is much less viable when heterozygous. From ten pair matings 
selected at random of Vesiculated females X wild type males, there were 
123 wild type females, 72 Vesiculated females, 64 wild type males, and 35 
Vesiculated males in the Fi, that is, approximately 29 offspring per female. 
To determine whether Puff and Vesiculated are alleles is practically im- 
possible, since the two characters are so similar. However, Puff females 
were mated to Vesiculated males (the reciprocal cross was made also) and 
all of the Fi females backcrossed to wild type. Without exception, each 
mating gave two types of offspring: wild type and Puff (or Vesiculated?). 
That is, in no case were Puff and Vesiculated obtained in the same fly. 
This fact, together with the fact that neither Puff nor Vesiculated has been 
found in homozygous condition, suggests that the two characters are 
allelic or perhaps identical. The considerable difference in viability makes 
it probable that they are not identical. 

3. Jagged and Jagged-2 

a) Origin. A Jagged female appeared in a digenic culture of 6". reynoldsi 
on January 6, 1936. Its parents had been treated with 5 grm. hrs. of 
radium. 

b) Description. The Jagged character appears as nicks or incisions along 
the wing margin between the posterior branch of the cubitus vein and the 
anterior branch of the media vein. The position and number (usually one 
or two) of these marginal nicks are somewhat variable, and in some in- 
stances the Jagged character is detectable only by missing marginal hairs. 
Jagged showed poor viability from the time of its origin, and the stock was 
finally lost. 

c) Genetic behavior. The first Jagged female found was mated to wild 
type males. The offspring from this cross fell into three groups: wild type 
females. Jagged females, and wild type males. During the eighteen months 
that Jagged was kept in the laboratory, the offspring from Jagged females 
mated to wild type males always fell into these three groups. No Jagged 
males ever appeared. This fact indicates that Jagged is a sex-linked dorr i- 
nant which is lethal in homozygous condition, and also lethal in the male 
where one sex chromosome is present in the soma. 

<i) Jagged-2. On the same day that Jagged appeared, Jagged-2 was 
found in an Fi female of the same digenic stock of 5 . reynoldsi. The parents 
of this J-2 fly had been treated with 5.4 grm. hrs. of radium. The J-2 
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character proved to be identical with Jagged in appearance, viability, and 
genetic behavior. 


4. Ruffled 

a) Origin. A Ruffled male was found in January, 1936, in a digenic 
strain of S. reynoldsi. The parents of this male had been treated with 2.9 
grm. hrs. of radium. 

b) Description. In the female heterozygote the wings appear stiff and 
are characterized by a wave approximately midway of their length. The 
degree of waviness varies, and in many cases the female heterozygotes 
are not distinguishable from wild type. On the other hand, the female 
homozygotes never overlap normal. The wings of these flies are wavy, 
extremely wrinkled, and have something of the appearance of the wings 
of newly-hatched imagos. In other words, the wing size, shape, and vena- 
tion are altered in the female homozygotes. The wing of the Ruffled male 
seems to occupy a position intermediate between these heterozygotic and 
homozygotic extremes. The wings are only slightly wrinkled, and the vena- 
tion can be seen. However, the wave in the wing is distinct, and Ruffled 
males can always be distinguished from wild type. 

c) Genetic behavior. Ruffled shows the same type of inheritance as other 
sex-linked dominants in Sciara. 


5. Yellow 

a) Origin. A yellow Ruffled male was found in a mass culture of Ruffled 
stock on October 23, 1936 by the first author. 

b) Description. Yellow in reynoldsi, like yellow in ocellaris, is a body 
color which extends to most parts of the fly except the eyes and bristles. 

c) Genetic behavior. The original yellow Ruffled male was mated to wild 
type females. The Fi generation consisted of 60 Ruffled females and 33 
wild t3rpe males, showing that yellow is a recessive. These Ruffled Fi 
females backcrossed to wild type males gave, without exception, four 
classes of offspring: wild type males, yellow Ruffled males, wild type fe- 
males, and Ruffled females. Yellow thus behaved as a sex-linked recessive. 
When these Fa Ruffled females (carrying yellow) were mated to yellow 
Ruffled males, yellow Ruffled females. Ruffled females, yeUow Ruffled 
males, and wild type males were obtained. During the twelve months that 
yellow has been kept in the laboratory, it has always appeared with 
Ruffled. Evidently little, if any, crossing over occurs between the two loci. 
Due to the decreased viability of homozygous Ruffled, the stock carrying 
yeEow has to be kept outcrossed. Apparently the yellow gene does not 
decrease viability, since yellow Ruffled flies are as viable as Ruffled flies. 
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The fact that 5. ocellaris and S. reynoldsi can be hybridized (Metz and 
Lawrence in press) has made it possible to cross ocellaris yellow and 
reynoldsi yellow and to demonstrate that the two genes are alleles. 

ACKNOWLEDGMENT 

The authors are indebted to Dr. C. W. Metz for suggestive criticism 
and to Mrs. Elizabeth Gay Lawrence for making some of the genetic 
tests. 

SUMMARY 

Six new mutants have been found in Sciara, among descendants of 
radium-treated flies. Stop, an autosomal dominant in S. coprophila, in- 
volves a translocation between chromosomes II and IV. Yellow is a sex- 
linked recessive in S. ocellaris. Four mutations have been found in S. 
reynoldsi: Puff and Vesiculated, autosomal dominants which are lethal 
when homozygous and may be allelic or perhaps identical; Jagged, a sex- 
linked dominant, lethal when homozygous; Ruffled, a sex-linked domi- 
nant; and yeUow, a sex-linked recessive closely li n ked to Ruffled. 

The yellow mutations of S. reynoldsi and S. ocellaris are alleles. 

The genetic behavior of these characters establishes selective segregation 
in 5. ocellaris and S. reynoldsi. 
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I T IS very difi&cult to define a lethal except in the wide genetical sense 
of being a factor which brings about the death of the organism. Sup- 
posedly every genetic lethal has its physiological or morphological counter- 
part which prevents the organism from living beyond a certain stage, but 
little is known about these lethals themselves — whether they are genic or 
chromosomal changes, are closely allied to mutations, are additions to or 
losses from the non-lethal constitution. The evidence in Drosophila indi- 
cates that the types of changes which are genetically detectable form a 
graded series; cases are known from one extreme, where the change results 
in decreased viability, to the other extreme, where the change is both 
lethal to the organism as a whole and to the individual cell, and all inter- 
mediate types have been encountered. Thus lethals can be classified ac- 
cording to the degree of their effect. Even more complex is any attempt to 
correlate genetic lethals with cytological changes since cases are known 
of lethals appearing in salivary gland chromosomes as deficiencies (Sli- 
ZYNSKA 1938), of genetically tested lethals having no effect on the known 
banding (Slizynska 1938), and of visible cytological deficiencies not 
having any lethal effect at all (Demerec and Hoover 1936). It is clear 
then that the study of lethals is from many points of view an interesting 
one. The approach to these problems chosen here is that of parallel genetical 
and cytological studies which are possible in Drosophila melanogaster. This 
organism is particularly suitable for such a study because the frequency 
of occurrence of both spontaneous and induced lethals is relatively high. 

PROBLEM AND MATERIAL 

In the study of lethals interest is focused upon three primary problems: 
(i) what lethals are, (2) how they occur, (3) how, when, and where they 
act. The third problem comprises a large field of embryological and physio- 
logical investigations, but the first and second problems can be approached 
partially from the cytogenetic standpoint. Light may perhaps be shed on 
these questions by two lines of study, (a) Comparison of spontaneous and 
induced lethals, and (b) study of the relationship of genetic lethals to cyto- 
logical deficiencies. The present paper attempts to give the results ob- 
tained from a particular study along these lines. 

1 International Fellow of Rockefeller Foundation, Research Assistant, University of Cracow, 
Cracow, Poland. 
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Nineteen lethals which had arisen spontaneously were studied. These 
lethals had been collected over a period of many years by Dr. M. Demerec 
and were maintained in his stocks carried over Inversion dl-49. Thirteen 
lethals induced by X-ray treatment in experiments by the same investi- 
gator and similarly maintained in stocks were taken for comparison. All 
the lethals used were sex-linked and located to the left of garnet. 

METHODS 

Since previous work has shown that some of the induced lethals are 
cytologically detectable, the two investigations mentioned above may be 
attacked simultaneously by studying the salivary gland chromosomes of 
mature larvae known by genetic tests to carry lethals which have arisen 
spontaneously. In a majority of cases the lethal was subjected to the 
standard crossover tests in order to determine its approximate genetic 
position: 

(1) Z/dl-49, y Ew ^ by ec cf v g^. 

(2) Fi Ijec cf V by dl-49, y Ew g^ and counts were made of all 
females and males. In other cases as will be discussed later special crossover 
tests were necessary. 

After the location within certain limits was thus known, each lethal 
was studied cytologically in the salivary gland chromosomes. Preparations 
were made from mature female larvae. For this purpose the stock females 
Z/dl-49, y Ew ^ were outcrossed to g^ B XY" YY" males. In the Fi, 
two types of females are recovered, one being homozygous and the other 
heterozygous for g. The former in the larval stage show white Malphigian 
tubules and the latter have tubules yellow in pigmentation. By utilizing 
this difference it was possible to select always the larvae carrying the 
lethal. Slides were prepared according to the aceto-carmine method and 
were made permanent by the alcohol-euparal technique described by 
Bauer (1936). For studying the material use was made of a Zeiss 90 X, 
1.4 N.A. apochromatic objective, and oil immersed achromatic 1.4 N.A. 
condenser, compensating oculars (10 and 12.5 X), a Bausch and Lomb 
research lamp (Anthes 1936; Bridges 1936) equipped with a Wratten 
filter No. 62. 

Both synapsed diploid and unsynapsed haploid chromosomes were 
studied, in every case using only good and well-stretched figures. Each 
determination was of necessity checked by other persons in the laboratory, 
including C. B. Bridges, M. Demerec and B. P. Kauemann. The fact 
that in some cases defi.ciencies were not detected does not constitute defi- 
nite proof that deficiencies do not exist in that particular material. Nega- 
tive evidence on such a point is not conclusive. Furthermore, it should be 
mentioned here thaj: no attempt was made in the scope of this work to 
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make exact determinations as to the limits of each deficiency. It was con- 
sidered sufficient for the present purpose to determine the occurrence of a 
deficiency without pursuing a more specialized study. 

RESULTS 

In table i is given a summary of the geneti cal and cytologi cal data for the 
32 lethals studied. They are listed in order of location from left to right 
of the chromosome. Cytological deficiencies are noted in all cases where 
they were detected; each analysis was verified as noted by several investi- 
gators. The reference system is to Bridges’ (1935) salivary gland chromo- 
some map except in some instances when Dr. Bridges furnished a re- 
vision of certain regions. The genetic location, as already mentioned, was 
determined by crossing over tests for which the data are presented in 
detail. Several special crosses were made: 

291-44 l/rb ^::rXdl-49, y Hw ^ 
c? cT : non-crossovers — 288; cx — 4; rb — 24 
This shows that the lethal lies between rb and cx in the ratio 24:4 cor- 
responding to the locus 8.4. 

291-3 l/rb cxXdl-4gj y Ew ^ 
cfcf: non-crossovers — 485; cx — 30; H — 6 
This shows that the lethal lies to the right of and close to cx at approxi- 
mately 14.8. 

291-7 l/f z;/Xdl-49, y Ew 
c? cf : non-crossovers — 207; v f — 2; ^ — 7; f v — 51 
This shows that the lethal lies between t and v in the ratio 2 : 7 correspond- 
ing to the locus 28.7. 

291-9 l/ct D dy g/Xdl-49, y Ew ^ 

& cf : non-crossovers — 936; ct v dy — 62 ; v dy — 2 
This shows a slight reduction in crossing over between dy and g and con- 
siderable reduction between ct and v. No chromosomal aberration is pres- 
ent but it is possible that in addition to the deficiency in 8C, bands may 
be missing in 7D. 

291-11 l/ct V dy gXdl-49, y Ew rr? ^ 
cfc?: non-crossovers — 705; v dy g — 88; dy g — 33; 

g — 4; ct V dy — 64; V dy — 2 

This shows that the lethal lies between dy and g in the ratio 66:4 cor- 
responding to the locus 36.7. Salivary gland chromosome analysis here 
led to the suspicion of a very minute inversion and this possibility is not 
excluded. 

291-53 l/ct V dy g/Xdl-49, y Hw w? ^ 
cf* cf : non-crossovers — 199; v dy gf — 23; dy gf— 20; gf — 5; 

/ — 3; ^ — 2 ; ct V dy — 4; ct v dy g — 28; wings-f aided — 9. 
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Summary of genetical aud cynological data for spontaneous and induced lethals. 
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This shows that the lethal lies between dy and g in the ratio 4:5 cor- 
responding to the locus 40.8. The ‘lethal” males which also carry a cyto- 
logically detectable deficiency will come through under excellent food con- 
ditions. These males have folded wings and are sterile and very weak. 
291-5 l/g^ un^ y Hw ^ 

cf cf : non-crossovers — 199; — 27 

This shows that the lethal lies to the right of and very close to g. 

The cytological evidence is summarized in the chart shown in figure i. 
In this chart the location of induced and spontaneous lethals is indicated 
both on the linkage map and on the salivary chromosome map and draw- 
ings of critical salivary chromosome figures are shown. In summarizing 
the cytological data of 19 spontaneous lethals, 9 or 47.3 percent are de- 
tectable deficiencies. Among the 13 induced lethals 4 or 30 percent are 
deficiencies. This value agrees fairly well with the 40 percent obtained by 
Sakharov (1935) and Alikhanian (1937). 

DISCUSSION 

It would seem impossible to escape from the fact already mentioned 
that in any consideration of lethals a whole range of types of changes 
presents itself. The present work also provides evidence that genetic 
lethals may or may not be detectable cytologically. Whether this is be- 
cause such minute deficiencies are undetectable with available facilities 
is not certain. Possibly some changes in genes may so affect their physio- 
logical activity as to produce a genetic lethal effect, whereas the activity of 
that gene as expressed in its ability to be represented by nucleic acid pro- 
duction in the form of a salivary chromosome band remains unaffected. 
In other words, the various lines of activity of a gene are differently sensi- 
tive to the environment. Cases are already known of cytological defi- 
ciencies having no genetic effect (Demerec and Hoover 1936), just the 
reverse of the above condition. The hypothesis may be offered that all 
mutations, deficiencies, and all other types of change are merely ex- 
pressions of the differential response of the various lines of activity of 
the genes and that accordingly all these types could be classified and ar- 
ranged in a more or less orderly series. Be that as it may, evidence is avail- 
able here that many of the genetically detectable lethals are cytological 
deficiencies. It is significant that this is true of both spontaneous and in- 
duced lethals, and that in this respect the two types of lethals do not 
differ. This stands in contradiction to the suggestion sometimes made that 
induced lethals are separable in type from the spontaneous ones. So far 
as it is known there is no difference between the spontaneous and induced 
lethals which have been studied in known loci. For example, in the Notch 
region where a total of 12 lethals were studied by Slizynska (1938) the 
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two spontaneous ones presented no evident distinction as to size of de- 
ficiency or its effect. Some of the gene changes produced by X-ray treat- 



ment are in every respect identical with those obtained spontaneously. 
Similarly here the indications are that induced and spontaneous lethals 
are alike. 
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Demerec (1937) has suggested that when the frequency of deficiencies 
is low they would not be expected to be connected with chromosomal aber- 
rations, and that the proportion of aberrations would necessarily increase 
with an increase in the frequency of deficiencies. Hence the failure of avail- 
able data to indicate an association between chromosomal aberrations 
and spontaneous lethals is explicable because the frequency of spontaneous 
lethals is too low. If this is true, another difference noted between spon- 
taneous and induced lethals is removed. 

The results of the present work are not in agreement with those of 
Sakharov (193s, 1936), who studied 27 lethals induced by X-ray treat- 
ment and 25 spontaneous lethals all sex-linked. Among the induced lethals, 
Sakharov found 17 chromosomal aberrations. Among the other 10 he 
found 4 instances of deficiencies. Among the spontaneous lethals he found 
no instances at all of aberration or deficiency. Sakharov and Naumenko 
(1936) also reported studies of lethals produced by treatment with iodine 
and manganese and again no cases of cytological disturbance were found. 
The conclusion is consequently drawn that spontaneous and chemical 
lethals are of a different type than those induced by X-ray treatment. 
Since in the results recorded here a minimum of 16 percent of spontaneous 
lethals and deficiencies was found, the conclusions above do not fall into 
line. 

It may be noted with reference to the chart in figure i that lines drawn 
to connect the approximate loci of the lethals or known loci on the cyto- 
logical map with similar loci on the genetic or crossing over map are not 
always parallel. 

SUMMARY 

Nineteen cases of spontaneous lethal changes in the X chromosome of 
Drosophila melanogaster were studied. Their genetic locations were deter- 
mined by standard crossover tests and their cytology studied in salivary 
gland chromosomes. Of these, 47.3 percent were found to be minute defi- 
ciencies. Among the 13 induced sex-linked lethals studied for comparison 
30 percent were detectable deficiencies. These results would seem to indi- 
cate that there is no primary distinction between spontaneous and induced 
lethals. 
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T he white-facet region of the X chromosome has been utilized ex- 
tensively in both genetic and cytological studies. It is interesting 
genetically because of the unique series of alleles recognizable in the white 
locus and because of the series of alleles and the dominance of the defi- 
ciency for the facet locus. It is interesting cytologically also because of 
the grouping of heavy bands visible in salivary gland chromosomes. In 
this paper, the results of genetical and cytological studies of fourteen 
deficiencies in that region are reported. 

Except for N-8 (Mohr 1923), 264-36, 264-37, 264-38, and 264-39, the 
material for all other deficiencies and the data for a number of genetic 
tests were obtained from M, Demerec. N-8 (Mohr) and 264-38 originated 
spontaneously while all other deficiencies were induced by X-ray treat- 
ment. Critical salivary chromosome figures were checked by C. B. 
Bridges, M. Demerec and B. P. Kaufmann. Photographs and redraw- 
ing of figures were done by Miss R. W. Parker. 

METHODS 

In order to obtain Notch deficiencies, normal males carrying yellow 
(y — 0.0) as a marker were irradiated with approximately 2500 r-units, 
and then were mated with females homozygous for cherry — 1.5) and 
wavy (wy — 40.7). From Fi females the white or Notch flies were selected 
for this work. 

H. Bauer’s (1936) method for preparing salivary glands was followed. 
Full grown larvae were dissected in aceto-carmine; needles and forceps of 
stainless steel were used to avoid contamination by iron. Slides were made 
permanent by the alcohol-euparal technique. Microscopical observations 
were made using a 2 mm. 1.4 N.A. apochromatic objective, an oil immersed 
achromatic 1.4 condenser, and 12.5 X or 15 X compensating oculars. 
A Bausch and Lomb research lamp equipped with a green Wratten filter 
No. 62 was used as a source of light. Drawings were made with the aid of 
a camera lucida. 

Non-synapsed chromosomes were selected for study, because even good 
preparations of the region in question usually show such distortion that 
identification of bands is very diflBicult. In mon-synapsed chromosomes the 
number of bands involved was determined and the length of the deleted 
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part was found by comparing the deficiency with a normal haploid strand. 
In many cases the bands of this region were identified easily by their 
characteristic size and shape, as well as by the intensity of their staining. 
To reduce any possibility of error, however, the limits of the deficiency 
were determined also in the synapsed condition of the chromosome. In that 
case, the exact position of some deficiencies was determined by combining 
them with the 258-18 translocation, in which the tip of X chromosome to 
3C4 inclusive is transferred to the spindle fibre region of the fourth chromo- 
some, exchanging places with the remainder of the fourth (Demee.ec and 
Slizynska 1937). This gave a clearer picture of synapsis in the one end 
of the deficiency and at the same time it usually prevented synapsis at the 
other end. But aU these methods of examination sometimes failed, es- 
pecially when the studied band was very faint and lay in a very narrow 
space between two heavy darkly stained bands or vesicles. 

EESTJLTS 

The results of both breeding and cytological studies are summarized in 
figure I. For a detailed description. Bridges’ salivary gland chromosome 
map and his reference system (Bridges, 1938) were used. According to 
this system, every vesicle is- counted and numbered as two separate bands. 

258-11. This deficiency, as shown by breeding results, includes only one 
known locus, white, and extends in its cytological picture from 3A3 to 
3C2.3 inclusive. In this case it is impossible to determine whether the 
3C4 band is present or not, because this band is so faint that it is rarely 
visible even in the normal chromosomes. It was seen only twice during this 
work. 258-11, therefore, involves fifteen or sixteen bands. 

258-14. Genetically identical to the former, this deficiency is a little 
shorter cytologically. The first band involved in the deficiency is 3A4, 
and the last band deficient without any doubt is 3C1. However, the pos- 
sibility that 3C2 is also absent has not been excluded. 

N-8 {Mohr). Cytological data in regard to this deficiency differ in some 
respects from those which are given by Mackensen (1935) and Gotts- 
CHEWSEi (1937). According to Mackensen, this deficiency does not in- 
volve 3C1, but involves the double band 3E1 and 3E2. On the contrary, 
Gottschewski shifts the limits to the left and places the deficiency from 
3C1 to 3D4 inclusive. According to the data presented here, the defi- 
ciency extends from 3Ci-2 to 3D5-6 inclusive. This determination is 
based on studies of both synapsed and non-synapsed strands. In haploid 
(iromosomes with N-8 deficiency, between section 3B and 3E, only one 
dark band is present which nmy be 3C1 as well as 3E1 • 2. Although the 
general features of the band in question seemed to indicate the second 
possibility, additional preparations were made with the translocation 258- 
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18, to determine accurately the homology of this band. As is evident from 
the drawing and from the photomicrograph in figure 2c and 2d, the band 
in question synapses with one lying in the part of another haploid strand 
not affected by the translocation, namely, with 3E1 • 2. This gives critical 
evidence for limiting the size of N -8 deficiency to the dimensions stated 
above. Therefore, the N-8 deficiency includes 18 bands. 


0.8 1.5 1.7 ao 45 5.5 



Z 64-33 


264-37 

264-39 

264-2 

264-19 

264-8 


Figure i. Genetic and salivary chromosome maps of white-Notch region of the X chromosome 
and a diagram showing results of the study of fourteen deficiencies of that region. Black areas 
represent deficient segments and shaded areas indicate sections for which it is uncertain w^hether 
or not they are deficient. 


264-38, This is the largest deficiency described in this paper; it involves 
45 bands, from 2D4 to 3E1 • 2 inclusive, and according to breeding results 
involves the loci pn^ w, rst^ fa^ and dm. The females heterozygous for this 
defiiciency show greatly reduced viability as compared with all other Notch 
cases, and even in good culture conditions they are distinctly smaller than 
other females. The drawing and photomicrograph figures 2k and 2I show 
the 264-38 deficiency as it appears in diploid condition, with the small 
loop formed by the normal haploid. 
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264-36. This deficiency involves the loci w, rsija, and dm. Cytologically 
it covers the section from 3A4 to 3D 2 inclusive, containing 25 bands. A 
drawing and a photograph of that deficiency in a heterozygous condition 
is shown in figures 2a and 2b. 

264-30. The photomicrograph in figure 2) shows a haploid strand of this 
deficiency. As is indicated on the corresponding drawing, figure 2i im- 
mediately following the group of dark bands 3A1 to 3A4 is a much lighter 
dotted line 3C9- 10, not clearly visible on the photograph. The band 3C8 
is probably present but since it was seen only in oblique light, this deter- 
mination was marked as questionable on the diagram in figure i. The 
deficiency includes 17 or 18 bands. 

264-31. This deficiency, genetically, removes the loci w to dm inclusive. 
Cytologically, fourteen bands from 3C1 to 3D2 inclusive are missing. 

264-32. This deficiency involves only the rst and fa loci. The left end 
starts between 3C2 • 3 and 3CS • 6. The limit in regard to 3C4 is not deter- 
mined exactly for the same reason as in the case of 258-11. The last band 
included in this deficiency of 3 or 4 bands is 3C7. 

264-3'/, -jp, -33, -2, -IQ. These five deficiencies are identical with one 
another in every respect. All were tested with fa, fa’', spl, and Ax and 
showed the deficiency for them but not for other adjacent loci. Cytologi- 
cal observation disclosed in all these cases a short deficiency for only one 
band, 3C7. On photomicrograph figure 2f and drawing figure 2e, 264-39 is 
represented. The bands 3C1 to 305-6 appear as three dark, wide bands. 
The next band, 3C7, present in the left haploid does not have a correspond- 
ing band on the right side. The band 3C8 not well seen on the photograph 
is again present in both strands and the next two bands (3C9.10), which 
are clearly visible, are the last synapsed bands on this figure. 

264-8. In this case, although breeding tests indicate that fa, fa”, spl, 
and Ax loci are deficient, the cytological analysis did not disclose any 
visible deficiency. In homozygous condition, it produces a lethal effect not 
only for the whole organism but, according to the data obtained by 
Demerec (1934), it shows a cell-lethal effect in the hypodermal cells of 
females. The females heterozygous for the 264-8 deficiency show the whole 
complex of changes characteristic for other Notches. Since the region 
studied in this case consists of very dark bands usually fused together, the 
examination of single haploids wiU show best whether all bands are pres- 
ent. In order to obtain a higher number of non-synapsed strands and to 
identify the deficient chromosome, N-females of the genetical constitution 
i?/dl-49, y Ewm^ gf' were mated with males carrying the 258-18 trans- 
location. Of three chromosomes involved in this cross, one contains the 
dl-49 inversion, another the translocation X-4 so that the identification 
of the third chromosome carrying the change in the N-region does not 



SALIVARY CHROMOSOME ANALYSIS 295 

present any difficulty. The photomicrograph figure sh and drawing in 
figure 2g, made from the preparation of female larvae from the cross de- 
scribed above, represent the section of a haploid strand of the N-chromo- 
some. It shows clearly that all bands known for this region are present. 
Moreover, the distance between the single bands and the general appear- 
ance of the bands as to size, width, and intensity of staining, do not differ 
from those which were observed for the normal X chromosome. 

DISCUSSION 

The cytological and breeding results are summarized on the chart of 
figure I. On this chart a close relationship between genetical and cytologi- 
cal pictures of the deficiencies studied is evident, indicating that the de- 
ficiencies which are similar in their genetical features always have at least 
one band in common. This serves as a means for determining the position 
of various loci in salivary gland chromosomes. In this study the problem 
is limited to the region of the X chromosome from pn to ec. This section 
of the chromosome has also been studied by Mackensen (1935), Grune- 
BERG (1937), Emmens (1937)5 and Gottschewski (1937). A comparison 
of the cytological results of different authors, however, presents difficulties 
because different reference systems are used in different papers. 

The limits of the section in which prune {pn) is located are given by the 
left end limits of the 264-38 and 258-11 deficiencies. According to that 
evidence, the gene is located somewhere between 2D3 and 3 A3. Macken- 
sen^s determination is closer because he designates for this gene the region 
2D6 to 2F2 inclusive which probably corresponds on the revised Bridges’ 
map to 2D3 or 2D4 to 2F2. 

For the location of white (2e;-i.5) evidence was obtained from 258-14, 
N- 8 , and 264-31 deficiencies. N -8 and 264-31 place this locus to the right 
of the 3B4 band, because 3C1 is the first missing band in both these cases. 
The 258-14 deficiency, which also includes the w locus, shows that this 
gene must be located to the left of 3C3 since this band lies beyond the 
limits of the deficiency. A number of figures examined during these studies 
indicate that 258-14 is not deficient for the 3C2 band, and if this is true, 
the band 3C1 represents the white locus. 

According to Grdneberg (1937) roughest {rsi) is located 0.2 to the 
right of w. The same author states that rsi^ is associated with a long in- 
version. Emmens (1937) determined both limits of this inversion, the left 
one being between 3C2*3 (designated by him 3C2) and 305*6 (desig- 
nated 3C3) and the right in the inert region to the right of bh. Emmens 
also studied and described it as a deficiency for bands 3 C4 to 3C7 in- 
clusive. The deficiencies described here throw some light on this question. 
The deficiency 258-11, which does not include rsiy shows that rst should 



2g6 


HELEN SLIZYNSKA 



Figure 2. Drawings and photographs of various deficiencies, (a) and (b) 264-36 deficiency 
involving m, rstja and dm loci and cytologically a section of 25 bands, from 3D4 to 3D 2 inclusive ; 
(c) and (d) N<-8 (Mohr) heterozygous with X-4 translocation 258-18 involving 18 bands, 3C1 *2 
to 3DS » 6; (e) and (f) 264-38, one Wd deficiency} (g) and (h) haploid strand of 264-8 showing all 
bands; (i) and (j) 264-30 deficiency involving 17 or 18 bands, 3AS to 3C7 or 3C8; (k) and (1) 
264-38, the longest deficiency of this series involving 45 bands, 2D4 to 2E1 * 2. 
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be to the right of its right end, namely to the right of 302-3. The defi- 
ciency 264-32, which includes rsi and N according to the genetical data, 
starts following 302-3 and includes 305-6 and 3C7, indicating that rst 
is located between 302-3 and 3O8. Deficiencies 264-33, -37, -39, -2, and 
-19 all of which include the 3O7 band but do not include rst show that rst 
is located to the left of 3O7, namely that it is represented either by band 
3C4 or 3O5 • 6. Cytological analysis of translocation 258-18 (Demerec and 
Slizynska, 1937) shows that the break in the X chromosome occurred 
genetically after rst and cytologically between 302*3 and 3C5-6. Since 
302*3 cannot represent rst^ as shown by the deficiency 258-11, it seems 
probable that rst is represented by 3O4. 

Facet, facet-notched, split, and Abruptex loci will be discussed together 
because their behavior in crosses with Notch is identical. It is known that 
notches are deficiencies for all these loci. The results of Mackensen place 
the locus for these genes at bands 3C4 to 3C7 or even probably 3C8. 
Emmens locates it at 3O9 -10, and Gottschewski put the genes co, fa^ 
splj and Ax in bands 3O5, 3C6, 3O7, and 3O8 respectively. The material 
used for our study includes five cases of notch deficiency, each including 
only the genes mentioned above. Cytologically they all show a deficiency 
for only one band, 3C7. If it is kept in mind that all cytologically known 
deficiencies occupying that band are, genetically, deficiencies for all these 
loci, it can be assumed that all these are represented by this one line. 
Therefore, there are two probabilities supported by cytological evidence; 
either these genes are allelic to each other, or one band covers several 
loci. Genetical data, however, are in favor of the first possibility. 

The locus of diminutive (dm) should be placed to the left of the right 
end of 264-31 which includes it. 

Mackensen (1935) has placed the position of the echinus (ec) locus in 
the region between 3E2 and 3E4. None of the deficiencies mentioned here 
includes ec, therefore, this locus must lie to the right of the right end of the 
longest of them, which is the 264-38; its righthand limit follows 3E2. 

Notch 264-8 presents an interesting case of a genetical deficiency with- 
out any detectable change in the salivary gland chromosome. A similar 
Notch deficiency was first described by Mackensen (1935). To explain 
this phenomenon he assumed a dominant mutation with a Notch char- 
acter. A second case studied in more detail was the Notch- G case described 
by Gottschewski (1937), who states that cytological examination showed 
a normal condition in the notch region. To explain the case, Gottschewski 
discusses three possibilities. First is the chain mutation hypothesis wherein 
gene changes have occurred in all the involved loci, producing allelo- 
morphic forms, which, when crossed with respective recessive genes, give 
the illusion of pseudodominancy. Since this possibility requires several in- 
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volved assumptions he does not think it is probable. As a second possible 
explanation for removing the genes without the destruction of normal 
banding he suggests that some other agent might be responsible for the 
bands, which also seems improbable. He assumes, as the best explanation, 
the working hypothesis of inactivation, wherein the gene, although physi- 
ologically inactive, does not prohibit the formation of the band. For the 
present, no better explanation of the problem discussed here seems avail- 
able. 

Among the deficiencies studied, two are spontaneous and twelve in- 
duced. One of the spontaneous, 264-39, involves a single band; the other, 
N-8 Mohr, a block of 18 bands. Five induced deficiencies involve only one 
band while the remaining six cover larger sections. Although the number of 
cases studied is small, it appears that spontaneous deficiencies are similar 
to induced. 

If the crossing over map for the region studied is compared with the 
approximate location of the genes in salivary chromosomes, an interesting 
fact may be observed. The distances between genes on the standard map 
do not correspond with those in salivary chromosomes. For example, the 
distance between y (0.0) and w (1.5) is the same on the crossing over map 
as that between w and /a (3.0). In the salivary gland, however, y is lo- 
cated at the tip of the X chromosome (M. Demerec and M. E. Hoover, 
1936) and w within the bands 3C1 or 3C2, so that the section limited by 
them is at least 12 times longer than the section between w and fa (3C7). 
It is difficult to determine what is responsible for this discrepancy. Be- 
tween y and w there are about 75 bands, and between w and fa there are 
only about $. The relation, therefore, is 15:1. The number of bands be- 
tween y and pn is 57, if counted to the middle of the region ascribed for 
this locus, and the crossing over distance between y and fn is 0.8; between 
pn and w there are 18 bands and 0.7 crossing over units; between w and 
rst there are two bands and 0.2 crossing over units; between rst and fa 
there are two bands and 1.3 crossing over units. If we now calculate how 
many crossing over units correspond to one band in each segment sepa- 
rately we will obtain for y-pn, the value 0.014; for pn-w, 0.038; for w-rst, 
0.1; and for rst-fa, 0.65. It is striking that the numbers are constantly 
increasing toward /a. 

SUMMARY 

Salivary chromosome studies of fourteen deficiencies affecting w and fa 
loci were made. The results are summarized in figure i. 

An approximate determination of the position on the salivary chronio- 
some map for the loci involved was made. The locus pn (0,8) is placed be- 
tween 3D4 and 3A2; w (1.5) is represented by 3C1 or 3C2; rst (1.7) by 
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$€4; fa, spl, and Ax (3.0) by 3C7; dm (4.5) is placed between 3C9 and 
3D 2 inclusive; and ec (5.5) to the right of 3E2. 

One case of genetical deficiency without any visible effect in salivary 
glands chromosome structure is described. 

The relations between the crossing over map and the salivary chromo- 
some structure are discussed. 
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INTRODUCTION 

O OGONIAL crossing over may be defined as homologous exchange 
between chromosomes in oogonial cells. Its existence has been sus- 
pected because of the similarities between somatic crossing over, induced 
increases in crossover values in females, the recently demonstrated sper- 
matogonial crossing over in males (Friesen 1936, Stern and Doan 1936, 
Whixtinghill 1937) and also because of the simultaneous appearances 
of rare crossovers in untreated females (Serebrovsky 1927). The simi- 
larities are that recombinations are produced or increased by the same 
agents, high temperatures and X-rays, and that the recombinations are 
found clustered in the descendent body tissues or offspring. 

Recognition of oogonial crossing over by means of like recombination 
offspring is difficult because the individual cells of such groups are vari- 
ously altered by the numerous, subsequent meiotic exchanges and are 
thereby distributed among many recombination classes. If these regular 
meiotic exchanges could be suppressed in females, as they normally are 
in males of Drosophila, without using such chromosomal irregularities as 
inversions and translocations, oogonial crossing over might thereby be 
unmasked. Such an agent is available in the recessive asynaptic factor, 
C3G, foimd by Gowen and located in the third chromosome group. 

The action of 03 G on crossing over in the different chromosomes is of 
special interest. Gowen (1933) found a very low frequency of crossing 
over: about i per 1000 between st and ca in chromosome III and between 
(d and sp in II, and about i in 1800 for the first three regions of the series 
sc ec ct V gf'm the sex chromosomes. These crossovers were for regions 
away from the spindle attachment in all cases except half of those in 
chromosome III. Although meiotic crossing over is almost entirely in- 
hibited, somatic crossing over, revealing itself in the “mutant” spots re- 
corded earlier by Gowen (1929), seems to be unaffected. Hence with re- 
spect to crossing over C3G females are comparable to normal males of 
Drosophila melanogaster. If obgonial crossing over could be induced in the 
former, it would be as easily detectable as spermatogonial crossing over 
has been in the latter. 

1 Experiment carried out wMe bolding a National Research Council Fellowship in Biology 
at the California Institute of Technology, 
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tunities of a year's fellowship, during which this work was performed, and 
to members of the Kerckhoff Biological Laboratories of the California 
Institute of Technology for suggestions and criticism of methods and 
of interpretations. 


experimental procedure 

It was planned to backcross, after treatment with X-rays, females 
heterozygous for alternated but homozygous for C3G to the multiple 
recessive ^^X®” males'; but in the course of making up the stocks not all 
of the mutants sc cv v f bb and ec ct^ s car were retained in all the stocks 
used. However, all Fi females were marked with v f /car as a minimum. 

After irradiation by 2500 r the Fi females were mated individually in 
vial cultures to several “X®” males. All were changed to four successive 
cultures, and more males often added, at the end of 6, 10, 14 and 18 days 
from the time of X-raying, whether fertile or not. Cultures were kept at 
25®C and were examined finally on the 17th day. All crossovers were 
verified by mating again to ‘^X^” 


RESULTS 

Among 10,826 offspring 16 recombinations grouped in only ii of the 
133 families were found. The crossovers and total offspring of these ii 
treated females are given in table i by cultures. One female, g, proved to 
have been a triploid, the only one found in the Fi. Two females, a and d, 
were definitely XXY, as shown by the viability of one or more patroclinous 
males, which carried b¥ in the X. For the same reason at least ii other 
females which did not produce any crossovers must have been XXY. The 
remainder, 9 and in from the crossover and non-crossover-producing 
groups, respectively, did not definitely show the presence of an extra Y, 
for although matroclinous offspring were numerous in many families, they 
were more probably primary exceptions due to the action of C3G on dis- 
junction. 

An index of the gonial origin of a majority of the crossovers was found 
(table i) in the pronounced grouping of the recombination classes. Of all 
the recombinations for the ec-ct interval, three were found in one family, 
the other in a second. For the cD-ct interval in more fully marked females, 
two of the crossovers, which were reciprocals, were found in one family, 
the other elsewhere. In the next region, ct-v, the six crossovers were dis- 
tributed among only five progenies. In the s-f region, as in that between 
cv and d, only 3. crossovers were found among the progeny of 133 females, 
yet 2 of them occurred in one family. Clearly these clustered crossovers 
cannot be accounted for by independent occurrences of crossing over in 
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Table i 

Crossover-producing families. 


Successive cultures—^ 

ist 

2nd 

3rd 

4th 

Sth 


Days after x-raying—^ 

0-6 

6-10 

10-14 

14-18 

18-23 

TOTALS 

COMPOSITION OF 

RECOMBINATION 


TOTAL RECOMBINATIONS 



Fi C3G FEMALES 

CLASSES 


TOTAL OFFSPRING 



a .. Y 

ec ci^ car 

cfi car 

25 

48 

2 

60 

I 

57 



3 

190 

b. 

ec ct^ car 

ct^ car 

13 

I 

20 

30 

27 

24 

I 

120 

sc CV V f 

sc CV ct^ s car 




I 


I 

ec ci^ s car 

ec vf Haplo-/F 





I 

I 



— 

— 

49 

42 

45 

136 

^ sc CO vj 
ec ct^ s car 

sc CV ct^ s car 

I 

55 

— 

29 

26 

9 

I 

119 


car 



I 

I 


2 

c 

ec ci^ car 


— 

— 

36 

26 

3 

65 

^ sc CV vf 

sc CV s car 





I 

I 

ct^ s car 


— 

19 

19 

2 

3 

43 

«/ 








g. sc CV vf 

sc cv car 


I 




I 

ec ci^ car 


— 

SO 

14 

— 

— 

64 

K y 

CP s car 

$ car 

— , 

— 

30 

I 

50 

39 

I 

119 

i 

car 




I 


I 

ec ci^ car 


— 

— 

— 

30 

14 

44 


C/® J / 



I 

I 


2 

i 

ci® s car 


57 

66 

43 

68 

3 

237 

t '’f 

c^ sf 



I 



I 

c1^ $ car 

(in mass cultures) 


252 

317 

387 

319 

216 

1491 


meiosis. Rather each cluster of recombinations (table 2) should be at- 
tributed to a single occurrence of gonial crossing over in a single female. 


Table 2 

Crossovers and crossing over by region and family. 


REGION 

FAMILIES IN WHICH CROSSOVERS OCCURRED 
SINGLY DOUBLY TRIPLY TOTAL 

TOTAL 

CROSSOVERS 

ec-ci 

1 


I 

2 

4 

cv-ct 

I 

I 


2 

3 

ct-v 

4 

I 


5 

6 

H 

1 

1 


2 

3 

Totals 

7 

3 

I 

11 

16 


Jfon-crossover fjtmilies and flies 


122 


10,810 
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Table 3 

Crossovers in relation to time of X-raying. 


CULTURES 

ISt 

2nd 


4 th 

Sth 

TOTALS 

Days after X-ra3rmg 

0-6 

6-10 

10-14 

14-18 

18-23 


Oogonial crossovers 

— 

— 

4 

4 

I 

9 

Possibly meiotics 

I 

2 

I 

2 

I 

7 


The gonial origin of these multiple occurring crossovers was further 
indicated by the time of their appearance (table 3). If all induced crossing 
over occurred during the time of exposure to X-rays, the recombinations 
produced in the younger cells would appear in the later hatches of off- 
spring, It is significant that the clustered crossovers did not appear in the 
earlier cultures but did appear in those started ten or more days after 
X-raying. Although there were but few crossovers, they apparently took 
longer to appear than those induced by Plough (1917) and by Mavor 
and SvENSON (1924) in females and as long as the more pronounced 
spermatogonial crossovers found by Friesen (1936). On Plough’s cal- 
culations, all cells which were oocytes when X-rayed would have been 
laid before the tenth day, which is the earliest that one of these oogonial 
crossovers could have been deposited as an egg. 

A third check on the stage of development at which our crossovers were 
produced was the distribution of mutations. Some occurred singly ; others 
were found bunched and always in the third and fourth cultures. Scute 
alleles, with normal salivary chromosomes, were found in two families, in 
one of which it had been transmitted to eight offspring. Autosomal Min- 
utes appeared in different families in one and five offspring. Two raspberry 
mutants were found in one family when they were tested first bs v f car 
crossovers. A dominant notching of the wings and a suppressor of forked 
(to be described below) appeared once each. Use of induced mutations 
has previously been made by Harris (1929) to show that male germ cells 
treated during late stages of their development are used up as sperm 
within 12 days, after which time the active sperm are derived from cells 
treated in spermatogonial stages. The gonial origin of such random 
changes as three of these mutations is hardly open to question. Conse- 
quently, the mutations serve as measures of what cells were gonial at the 
time of treatment. Only the fact of spontaneous crossing over in C3G 
females prevents the ascribing of all the recombinations of the last three 
cultures to oogonial exchanges. 

The possible gonial nature of some or all of the balance of the recom- 
binations may be obscured in at least two ways. Gonial crossing over may 
occur too late for its products to include two adjacent eggs and the inter- 
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veiling nurse cells, or it may occur in a female whose offspring are few in 
comparison with the number of egg strings in her ovaries. The first possi- 
bility is difficult to investigate, but the effect of size of family upon the 
recovery of several crossovers of gonial origin may be indicated in table 4. 


Table 4 

Distribution of crossovers among families of different sizes. 


NO. OFI'SBRING 

NO. FAMILIES 

CROSSOVERS FOUND 

PER FAMILY 


SINGLY 

PLURALLY 

I- 25 

31 

— 

— 

26- 50 

20 

2 

— 

51 “ 75 

27 

I 

I 

76-100 

12 

— 

— 

. 101-125 

13 

4 

— 

126-150 

II 

— 

I 

ISM 7 S 

6 

— ■ 

— 

I y 6-200 

5 

— 

I 

201-225 

2 

— . 

— 

226-250 

6 

— 

I 


Total families: 133. Average number of offspring: 81.4. 
Median number of offspring: c, 65. 


Most of the obgonial crossovers were found in families larger than those 
in which the solitary ones were recovered, and all of the clustered ones 
were in families larger than the median size. Conversely, three of the 
singly occurring recombinations appeared in families of 64, 44, and 33 
offspring. These numbers were barely large .enough to include two eggs 
from each of the egg strings, of which Beegner (1928) reports about 30 
per normal female. 

Although the distribution of crossovers in this experiment was different 
from that found by Go wen (1933), the frequency of exchange was about 
the same. Our frequency of recombinations in the X chromosome was 
1/677 til® estimated frequency of crossing over was 1/985. Gowen’s 
frequency of recombination (and of crossing over) was 1/612 without 
the use of X-rays. 

Several interesting classes other than recombinations appeared in our 
experiment, due mainly to the well known effects of the asynaptic factor. 
Among the 10,000 offspring 158 triploids, 32 haplo-IV flies including one 
crossover, 10 intersexes, 3 mosaics and 2 gynandromorphs were i;ecorded. 
One of the last was triploid and wild t3ipe on the head and one side and 
intersex and sc cdJ on the other half of the thorax and abdqmen. The other 
was a matrodinous female which had lost one sex chromosome and was 
ec d car male on the head and one-half of the body. 
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A new mutation named "suppressor of forked’^ and given the symbol 
su-f was found while verifying what appeared to be a double crossover 
vermilion fly. It has been located a little to the right of carnation by 
crossover tests, and the salivary chromosomes appear to be normal in this 
region. The phenotype of / su-f males and of homozygous females often 
shows a trace of forked on one bristle, like the character hooked. 

DISCUSSION 

In order to relate this new kind of crossing over to the several other 
kinds, some of which are also but recently recognized, a classification of 
them is deemed advisable. One is presented in table 5 in which current 
terminology is used as far as possible. The term somatic crossing over is 
reserved in its restricted use for the process when it occurs in the soma, 
and another term, mitotic crossing over, is proposed to include both the 
somatic and germinal (spermatogonial and oogonial) exchanges taking 
place before the maturation divisions. These three kinds of mitotic crossing- 
over are in contrast to the well known meiotic, or oocytial, exchanges. 


Table 5 

Classification and comparison of differ e?it kinds of crossing over in Drosophila melanogaster. 


KINDS 


MITOTIC 

MEIOTIC 

SOMATIC 

SPERMATOGONIAL OOGONIAL 

OOCYTIAL 

Spontaneous occurrences 

. rarely 

rarely (X and Y) 

customarily 


X-rays 

X-rays X-rays 

X-rays 

Frequency altered by < 

high temperature 
[ Minute factors 

high temperature 

low and high tem- 
peratures 
age 

Region of greatest 

spindle attach- 

spindle attach- 

spindle attach- 

change 

ment 

ment 

ment 


Thus the primary classification is made upon the basis of the division 
process involved, and the subdivisions are based upon the cells in which 
crossing over occurs. That this is a natural classification is brought out 
by the comparisons included in table 5, where provisionally all the in- 
formation about germinal crossing over in normal females, treated or un- 
treated, is considered to be entirely due to meiotic crossing over. 

From the comparisons of different kinds of crossing over there are indi- 
cations that the results which have in the past been obtained by subjecting 
normal females to X-rays or to temperature extremes may be due to 
crossovers from two sources, gonial and meiotic, rather than only 
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from the latter. 'The crossovers induced in normal females resemble the 
spontaneous meiotic crossovers less than they resemble those induced in 
somatic or spermJitogonial cells. This is true in respect to the regions 
affected, the time of formation and the activating agents. If further studies 
on C3G females should show that oogonial crossing over is most frequent 
in the vicinity of spindle attachments, then it would be reasonable to 
suppose that a few occurrences of crossing over in early oogonial cells are 
responsible for most of the increased percentage of recombination off- 
spring. Spontaneous crossing over in oogonial cells might also be the ex- 
planation of the unusual distribution exhibited by certain rare crossovers, 
different classes in different progenies, as noted by Serebrovsky (1927), 
Bridges and others. 


SUMMARY 

1. A 2500 r dose of X-rays does not affect the action of the asynaptic 
factor, C3G, on meiotic crossing over between the sex chromosomes of 
females. 

2. In oSgonial cells crossing over may occur during irradiation of C3G 
females as shown by the appearance of recombination offspring in unusual 
clusters from eggs laid ten or more days after treatment. Similarly, groups 
of identical mutations accompany the clustered crossovers temporally. 

3. A classification of the kinds of crossing over into meiotic and mitotic, 
the latter divided into somatic, spermatogonial and oogonial crossing over, 
seems justified by the likenesses and differences which are pointed out 
among them. 
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INTRODUCTION 

T he C wx linkage group associated with chromosome 9 was one of 
the first to be established in maize. This was largely due to the 
excellence of the two genes C and wx as working tools. Emerson, Beadle 
and Eraser (1935) list 28 genes in this group. Nearly all of these are to 
the left of wx or within 10 or 15 units to the right. McClintock (1930, 
1931), Creighton and McClintock (1931), Creighton (1934) and Bihust- 
HAM (1930, 1934a, b) have shown that the gene ygi is near the end of the 
short arm of chromosome 9 and wx nearer the spindle attachment but 
still on the short arm. Virescenti (vi) is probably on the long arm not far 
from the spindle attachment (Beadle 1932, Burnham 1934b). The greater 
portion of the long arm is conspicuous by its lack of definitely known 
genes. This lack of known genes may be largely due to the difficulty of 
detecting genes in the distal part of the long arm by means of ordinary 
linkage tests with such genes as C, sk and wx. Or it may be that such 
regions are redundant sections of chromosome materials which are also 
represented elsewhere in the chromosome complement. 

Chromosomal interchanges or reciprocal translocations are excellent 
tools for the exploration of portions of chromosomes where no known 
genes are available. For most cases it is only necessary to cross any new or 
implaced gene with the appropriate translocation stock, backcross with 
the new gene if recessive or wdth a normal stock if dominant. Classification 
of the gene character under consideration and semisterility will give a 
direct linkage test with a known point on the chromosome. 

The chromosome 9 translocations studied by the writer have all been 
on the long arm, mostly in the region beyond the present known genes. 
They do not add appreciably to our knowledge of the region covered by 
the present linkage maps, but do furnish excellent means for the place- 
ment and mapping of genes in the extensive region of the long arm where 
no genes are as yet available. 

PREVIOUS DATA ON TRANSLOCATIONS INVOLVING CHROMOSOME 9 

TS-pa (Burnham 1930, 1934b; McClintock 1930, 1931; Creighton and 
McClintock 1931; Beadle 1932). The interchange bn chromosome 
9 on the long arm .4 of distance out from spindle attachment. Link- 
age order C-tox-T with 13.7 percent of crossing over with waxy. 
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Ts-ga (Burnham 1934a). Interchange in proximal part of the short arm 
of chromosome 9. Linkage order sh-wx-T with about two percent of 
crossing over with waxy. Much non-homologous pairing and much 
suppression of crossing over. 

T6-9a (Anderson 1934, McClintock 1934)- Interchange about one- third 
the way out on the long arm of chromosome 9. Linkage order C-wx-T 
with 1 1.6 percent of crossing over with waxy. 

TRANSLOCATIONS INCLUDED IN THE PRESENT STUDY 

In the present paper, data are presented on the following translocations 
which are included in the writer’s published list (Anderson, 1935); T 

1- 9a, b, c, 2-9a, b, 3-9a, b, 4-9a, b, d-pa, b, and 8-9b. In addition two others 
are included which will be designated T3-9C and T9-iob. Both were from 
the writer’s X-rayed material (Anderson 1935, Lot i, sixty minute treat- 
ment, and Lot 2, fifty minute treatment, respectively). The chromosomes 
involved were determined by diakinesis observations of intercrosses with 
known translocations. T3-9C gave two rings of four in crosses with T i-2a, 
T i-7a, T4-8a, T 5 -7a and T 4-sa, and a ring of six with T S-pa and T 

2- 3a. T 9-iob gave two rings of four with T i-7a, T 4-8a, T 4-5a, and T 
2-3a, and a ring of six with T 3-9a and T 3-ioa. These determinations of 
chromosomes involved have been checked by cytological observation at 
mid-prophase and by linkage tests. 

No data are presented on T 9-ioa as this translocation involves problems 
connected with the survival of unbalanced gametes and will be reported 
as a separate paper. 


LINKAGE DATA 

Since most of the linkage tests with genes from chromosome 9 were 
made involving the same genes in the same linkage order, the summarized 
data have been combined in a few tables. The individual cultures have 
been fairly consistent with the exception of T 4-9a and T d-ga which arc 
presented in more detail. Except for T d-pa, backcrosses using the Fj as 
male or female have given similar results and are combined in the tables. 
The arrangement of data in the tables is like that in the linkage summary 
of Emerson, Beadle and Fraser (1935). 

Backcross data involving various translocations with the two genes C 
and vjx are presented in table i. Data similarly involving the three genes 
C, sh and wx are presented in table 2. Additional data involving only wx 
are given in table 3 while table 4 gives data involving the genes C and sh 
with T S-pb. In several of the backcross cultures there were large dis- 
crepancies between several of the contrary classes, due partly to lower 
viability of sh and wx, but chiefly to the presence of yg^ and one other weak 
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Table i 

Backcross progenies from combinaiions 


c+r 


BEECENT 

PARENTAL RECOMBINATIONS RECOMBINATION COIN- 
COMBINATIONS TOTAL CIDENCE 

REGION I REGION 2 REGIONS I, 2 12 

c-^x wx-T 


T I- 9a 

154 

130 

SO 

45 

36 

7 

I 

4 

427 

23*4 

II. 2 

.44 

Ti- 9b 

99 

68 

34 

30 

76 

56 

14 

15 

392 

23-7 

41. 1 

.76 

T I- 9c 

74 

71 

24 

38 

22 

I 

6 

I 

237 

29.1 

12.7 

,80 

T 2- 9a 

42 

47 

IS 

19 

27 

20 

9 

12 

191 

28.8 

35.6 

I .07 

T 2- 9b 

219 

225 

54 

83 

22 

20 

2 

3 

628 

22.6 

7-5 

.47 

3- 9a 

116 

55 

29 

8 

5 

2 

— 

— 

215 

17.2 

3-3 

— 

3- 9b 

127 

148 

45 

SO 

10 

II 

3 

3 

397 

25 4 

6.8 

•87 

3- 9c 

65 

65 

15 

25 

14 

2 

— 

I 

187 

21.9 

9.1 

.27 

4- 9a 

76 

68 

18 

43 

29 

40 

9 

14 

297 

28.3 

31.0 

.88 

4- 9a 

134 

123 

46 

51 

24 

16 

I 

5 

400 

25-7 

II. s 

-51 

6- 9b 

238 

220 

41 

62 

15 

4 

— 

3 

583 

18.2 

3-8 

■75 

8- 9b 

31 

31 

9 

II 

25 

14 

4 

6 

131 

22.9 

37-4 

.89 

9-iob 

17s 

126 

67 

77 

14 

12 

I 

— 

472 

30-7^ 

fs .7 

.12 


chloropliyll gene in some of the c wx stocks used. Under somewhat un- 
favorable weather conditions these proved practically lethal. While theo- 
retically a lethal gene should not alter the linkage percentages, data in- 


Table 2 

C+ -hT 

Backcross progenies from comhinatioiis 

■^sh m*-i- 



PARENTAL 

COMBINA- 

TIONS 





RECOMBINATIONS 





TOTAL 

REGION I 

REGION 2 

REGION 3 I AND 2 

I AND 3 

2 AND 3 

I, 2 
AND 3 

T I— 9b 

132 

69 

2 

7 

25 

25 

66 

49 

2 2 

9 

8 

I 

397 

1-9C 

145 

41 

3 

3 

28 

29 

24 

5 I 


I 

3 


2S3 

2~9a 

42 

34 

3 

I 

13 

15 

19 

6 


3 

3 


139 

4-9a 

57 

21 

I 

2 

17 

15 

8 

2 I 


2 

3 


129 

4“9^> 

68 

78 

6 

I 

19 

14 

I 

4 I 


I 



193 


3io 
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Table 3 

Backcross progenies from combinations 


+r 

WX+ 



PARENTAL 

COMBINATIONS 


RECOMBINATIONS 

TOTAL 

PERCENT 

RECOMBINATIONS 

2-ga 

63 

S6 


31 25 

175 

32.0 

3 - 9 ^ 

202 

176 


9 6 

393 

3-8 

3-9C 

67 

66 


6 2 

141 

5-7 





Table 4 

1 on 





Backcross progeny from 






RECOMBINATIONS 


PERCENT 


PARENTAL 

— 



TOTAL 

RECOMBINATION 

COMBINATIONS 

REGION I 

REGION 2 REGIONS I, 2 









c-sh sh~T 

T 809b 

65 5 S 


I 3 

28 34 2 1 

189 

3-7 34.4 


volving a lethal gene are not entirely trustworthy for accurate determina- 
tions. But for the approximations required in the present work, the data 
are probably accurate enough. 

The T 4-9a progenies fall into two sharply different groups. Three cul- 
tures from a single plant, 11-315-2, gave 10.2, 12.2, and 11.6 percent cross- 
ing over for the wx-T interval. Two cultures from sibs of this plant gave 
27.1 and 34.9 percent for the same region. A closely related plant gave 
27.6 percent. The two groups of data have been summarized separately. 
Cytological observations of one plant at mid-prophase of meiosis has 
shown the interchange of chromosomes about four fifths the way out on 
the long arm of 9 and very near the spindle attachment on 4. This position 
would give an expectation of loose linkage corresponding to the higher 
crossover value. The low value obtained in cultures from 11-315-2 might 
be due to the presence of some other chromosomal alteration such as the 
short inversion about the spindle attachment of chromosome 4 which is 
known to be present in some stocks (McClintock 1933). 

Some further data have been obtained on T 6-9a. Two sister Fi plants 
were backcrossed reciprocally with a c wx stock. The data are given in 
table 5- With such small numbers of plants involved, not much reliance 
can be placed on these data. There is a marked difference in the crossover 
values when the plants are used as female or male, but the difference is 
opposite to that previously found for the T -F -PI region of chromosome 6 
(Anderson 1934). Obviously the crossing-over behavior of T d-pa needs 
to be checked more carefully. 
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Table 5 

C-hT 

Reciprocal backcrosses of T 6-ga. Parental formula — • 

4-2e;.i£;+ 

Fi 

Fi PARENT USED 
AS 


1 1-318-1 

9 

18 

20 

8 

9 

6 

7 

2 

0 

70 

27.1 

21.4 


cf 

108 

loy 

26 

45 

9 

2 

I 

2 

300 

24.7 

4-7 

II-318-S 

9 

SI 

52 

35 

24 

4 

9 

5 

3 

183 

36.6 

II-S 


& 

78 

17 

12 

12 

3 

2 

2 

I 

127 

21.3 

6-3 


CYTOLOGY 

Cytological examinations have been made of aceto-carmine preparations 
at mid-prophase of meiosis. Measurements and estimates of position of 
the interchange of chromosomes have been made from camera lucida 
tracings of the clearest figures. The position of the interchange is recorded 
in tenths of the distance from the spindle attachment to the end of the 
arm. Thus 9 L.4 indicates chromosome 9 long arm four-tenths of distance 
from the spindle attachment. In general these placements are probably 
reliable to about .1 or .2 of the length of the arm. Those near the end of 
the chromosome are somewhat less reliable. In some cases, notably T 
5-9a (Burnham 1934a) and T 6-9b, there is much non-homologous pairing 
(McClintock 1933), which makes it difficult to determine the normal 
position of the interchange. 

The three translocations T S-pa, Td-pa, and T s-pa have been described. 
The following have been examined cytologically: 


T i-pb 

I L .6 

qL .5 

T I -pc 

I S .6 

9 L .2-1- 

T 2-9a 

2 S .7 

9 L .6-1- 

T 2-9b 

2 S .1 

9 L .2 

T 3 - 9 a 

— 

9 L .1 -f- 

T 3 - 9 C 

3 L .1 

9 L ,2 

T 4 - 9 a 

4 L .1 

9L .8 

T 4-gh 

4L .6 

9 L .2 

T8-9b 

8 S .2 

pL .8 

T p-iob 

9L .3 

10 near s.a. 


T I -pa and T 3-9b have not been studied. T d-pb shows much non-homolo- 
gous pairing, but seems to have the interchange in the proximal part of the 
long arm of 9. 

The writer is indebted to Mrs. Gertrude G. Frandsen for most of the 
cytological preparations. 
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RELATION OF POSITION OF INTERCHANGE TO LINKAGE WITH WAXY 

Tabus 6 

Comparison of position of interchange with map distance from waxy. 



CYTOLOGICAL 

POSITION 

PERCENT CROSSING 

OVER PROM WX 

NUMBER OP PLANTS 

IN LINKAGE TESTS 

T 5 - 9 a 

S .1 

2.0 

(Burnham 1934a) 

3 - 9 a 

L .1 + 

3-6 

608 

4 - 9 b 

L .2 

3-1 

193 

6'-9b 


3-8 

583 

3 - 9 b 


6.8 

397 

2“9b 

L .2 

7‘5 

628 

3-9C 

L .2 

7.6 

328 

1-9C 

L . 2 - 1 - 

12. 1 

520 

9-iob 

L .3 

5-7 

472 

6-9a 

L .3 

9.4 

9 S 5 

i~ 9 a 


II. 2 

427 

g-pa 

L .4 

13-7 

(Burnham 1934b) 

i-gb 

L .5 

37‘7 

789 

2-93. 

L . 6 “ 1 - 

30.7 

505 

4-93* 

L .8 

31-0 

297 



ii-S 

529 

8 - 9 b 

L .8 

37-4 

13X 


Table 6 gives a list of the interchanges involving chromosome 9 arranged 
in approximate order of their position in the chromosome and of their 
crossover distance from waxy. The first column gives the observed position 
in chromosome 9. The second column gives the percent of crossing over 
from waxy. The third column gives the total number of backcross plants 
on which the crossover percentages are based, summarized from the pre- 
ceding tables. The correlation between the cytological observations and 
the percentages of crossing over is very close, considering the probable 
amount of error in the cytological placements. The loose linkages shown by 
T i-9b, T2-9a, T 4-ga, and T S-gb probably represent longer map dis- 
tances, which can be studied more effectively when one or more helpful 
genes are found in the distal part of chromosome 9. 

SIMMARY 

Data are presented on linkage relations with waxy for fourteen trans- 
locations involving the long arm of chromosome 9. 

The amount of crossing over with waxy is closely correlated with the 
cytological position of the interchange (table 6). 
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I. INTRODUCTION 

I T IS the purpose of this paper to describe the method by which-viable 
tissues, homozygous deficient for a known region of a chromosome, 
may be produced in maize. The chromosomal region involved includes 
the locus of the gene Bm 1 in chromosome V (allele of hm brown mid- 
rib, producing a brown color in the lignified cell walls). The lignified cell 
walls of the homozygous deficient tissue exhibit the features characteristic 
of the known recessive gene bm 1 although the locus of this gene is absent. 

The method of obtaining the homozygous deficient tissue is related to 
the unique behavior of ring-shaped chromosomes during somatic mitosis. 
This behavior has been briefly mentioned in previous publications (Mc- 
Clintock 1932; Rhoades and McClintock 1935). Ring-shaped chromo- 
somes do not always maintain themselves unaltered through successive 
nuclear cycles in the maize plant. They may (i) increase in size through 
duplication and reduplication of segments of the original ring, (2) decrease 
in size by deletions of segments from the ring, (3) be totally lost from the 
nuclei or (4) be present in increased numbers in the different nuclei. What- 
ever the method by which a change in size occurs, only ring chromosomes 
are produced from ring chromosomes.. 

In maize it has been found that deficiencies in certain regions of the 

* The cost of the half-tone illustrations in this paper is met by the Galton and Mendel 
Memorial Fund, 

^ Contribution from the Department of Botany in cooperation with the Department of Field 
Crops, Genetics Research Project, Missouri Agricultural Experiment Station, Journal Series 
No. 570, 
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chromosomes may be transmitted successfully through the egg but not 
through the pollen (Burnham 1932; Stabler 1935). Pollen possessing a 
deficient chromosome plus a ring-shaped fragment chromosome should be 
functional if the ring-shaped fragment completely compensates for the 
deficiency. By utilizing a deficiency transmissible through the eggs and 
rendered non-lethal in the pollen by the inclusion of a ring fragment 
covering the deficiency, a zygote with two deficient chromosomes plus a 
ring chromosome can be produced. This zygote is heterozygous for the 



Figure i. — ^Two sides of a stalk of a variegated plant. The leaves at the two nodes 
have been removed. The dark bands are hnl^ the light bands, Bml. 

deficiency. This heterozygosity in the resulting individual would be main- 
tained as long as an unaltered ring chromosome was present. Should the 
ring chromosome be lost in subsequent nuclear divisions, or should it 
change in size through loss of a segment within it, the tissues arising after 
such loss or alteration would be homozygous deficient for the entire de- 
ficiency in the first case or for regions within the limits of the deficiency 
in the second case. 

Two cases of deficient rod chromosomes with complementary ring 
chromosomes were available for this study. The two cases arose in the 
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progeny of X-rayed pollen containing a normal haploid complement with 
the dominant gene Bm L This pollen, when placed upon silks of bm 1 
plants with a normal chromosome complement, gave rise, among a progeny 
of 466, to two individuals which were variegated for Bm 1 and hm 1 
(figure i). Aberrant behavior of a ring chromosome produced by the X-ray 
treatment and carrying the gene Bm 1 was suspected to be the cause of 
,the variegation. 


I IE 



Figure 2 . — a. Diagram of a normal chromosome V. The slightly bulging section represents 
the spindle fiber attachment region. The sets of arrows, I and II, point to the positions of breaks 
which gave rise to the two deficient rod chromosomes and their compensating ring chromosomes 
illustrated in I and 11 of b. The deficient rod and compensating ring chromosomes of I are referred 
to in the text as Def 1 and R 1 respectively, those of II as Def 2 and R 2 respectively 

Examination of synaptic configurations in sporocytes revealed not only 
the presence of a small ring-shaped chromosome in each plant but also a 
deficiency in one chromosome V. In each case, the size of the ring-shaped 
chromosome and the extent of the deficiency in the rod-chromosome were 
comparable. The deficiency in both cases involved a section of the short 
arm immediately adjacent to the spindle fiber attachment region. Since 
the ring fragment in both cases possessed a small but definite spindle fiber 
attachment region, these regions being clearly visible in meiotic prophases, 
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it -was assumed that in each case the deficient rod and its compensating 
ring chromosome arose as the result of two breaks in the normal chtomo- 
some V, one break passing through the spindle fiber attachment region, 
the other breaking the chromosome at a distance from the spmdle fiber 
attachment region equal to approjdmately 1/20 (Case I) and 1/7 (Case 
II) of the total length of chromosome V (figure 2). Fusions two by two 
of the broken ends resulted in a deficient rod and a compensating ring 
chromosome each with a section of the original spindle fiber attachment 
region. Since both the deficient rod and the ring chromosome possessed a 
section of the spindle fiber attachment region, both could be maintained 
thr6ugh nuclear cycles. 

Proof that the ring chromosome represented the region for which the 
rod chromosome was deficient was furnished by the synaptic configura- 
tions produced by homologous associations of the three chromosomes: the 
normal chromosome V contributed by the female parent, the deficient rod 
chromosome V and the small ring chromosome contributed by the male 
parent (figures 25 and 26 and photographs of the same, 17 and 18, Plate 
II). Cj-tological examination of different portions of the tassel disclosed 
the loss of the ring chromosome in several branches. Sinularly, within a 
single anther, groups of cells were found lacking the ring chromosome. It 
was suspected, therefore, that the ring chromosome carried the locus of 
Bm 1 , its loss durmg somatic mitoses bemg responsible for the presence 
of the bm 1 (brown) streaks in these plants. Conclusive proof for this was 
derived from the progeny of these two plants when crossed to normal 
hm 1 plants. The progeny included variegated {Bm 1 and bm 1 ) and 
bm 1 plants. Of the variegated plants, microsporocytes of 148 individuals 
were examined for the presence of the ring chromosome. The ring frag- 
ment was found in 146 of these individuals although in many plants 
sevemi branches of the tassel lacked the ring fragment. In two plants 
no rmg chromosome was found in the several branches of the tassel 
which were collected Of the totaUy In 

no case was a rmg chromosome found. In a hm i tUler of a variegated 
plant, a considerably reduced ring chromosome was found. It is probable 
m this case ^at the 5 m I locus had been deleted from the ring chromo- 
some through somatic alterations to be described in the next section. In- 
dividual coUections were made on the two sides of plants which were 
approximated half bm 1 and half variegated. In these cases, the presence 
of the rmg chromosome could be estabhshed only on the variegated side. 

n. THE MITOTIC BEHAVIOR OR Rmo-SHAPEO CHROMOSOMES 

The interpretation of the variegation and of the production of homozy- 
gous deficient tissues has been based on a knowledge of the behavior of 
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ring-shaped chromosomes in somatic nuclear cycles. A description of what 
has been observed regarding the appearance and behavior of the ring 
chromosomes in meristematic regions is therefore necessary before the 
individual cases can be considered. Although the primary cause of irregu- 
larities in the nuclear cycles is undoubtedly the same for large and small 
ring-shaped chromosomes, the subsequent behavior and the genetical con- 
sequences vary in these two extremes. The behavior of large ring-shaped 
chromosomes will be considered first; this will be followed by an account 
of the small ring-shaped chromosomes; finally, correlations and conclusions 
will be drawn regarding ring-shaped chromosomes in general. 

Mitotic behavior of large ring-shaped chromosomes 

Since the two ring-shaped chromosomes of cases I and II, figure 2, are 
both small, a large ring-shaped chromosome originally representing most 
of chromosome II has been examined (McClintock 1932). The observa- 
tions were made on longitudinal sections of actively growing root tips. 
Observations at meiotic prophase in this plant had clearly indicated that 
changes in size and hence chromatin content of the ring chromosome were 
occurring in the premeiotic nuclei. Groups of related cells usually had 
similar ring chromosomes but the differences in unrelated cells were very 
great. In a few cells the altered ring chromosome was larger than the 
normal chromosome II. In some cells it had been reduced to only a few 
chromomeres. All gradations between these two extremes were found in 
different sporocytes of this same plant. The smallest ring chromosome has 
obviously undergone a great loss of chromatin. The original ring chromo- 
some possessed a single knob. Evidence for duplication of segments other 
than the obvious increase in size of the ring chromosome was clearly 
registered in some cells by the increase in the number of knobs. Rings 
with two, three and four knobs were found. 

It was suspected that the alteration in chromatin content of the ring 
was related to the division cycle of the chromosome. Observations of 
mitoses in root tip meristems suggested the manner in which the altera- 
tions occur without, however, revealing the primary cause. If one assumes 
that during the splitting process or after the split has occurred, a cross- 
over took place between the two sister chromatids, a double-sized, con- 
tinuous ring with two spindle fiber attachment regions would be produced. 
A second crossover between the two sister chromatids could result in an 
interlocking of the sister ring chromosomes provided the second crossover 
did not counteract the first. The presence of double-sized rings with two 
spindle fiber attachment regions at late anaphase and early telophase was 
clearly evident in a number of cells (figures 5, 7, 15, 16; photographs 4, 
5, 8, Plate I). Unfortunately the presence of interlocking rings could not 
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be determined directly since the chromosomes of maize in somatic cells 
are relatively small. Many anaphase figures were suggestive but none could 
be definitely distinguished from double-sized rings with a twist at the 
mid-region. From the point of view of the origin of such configurations it 
would be important to know the relative percentage of each type. From 
actual counts it is certain that the double-sized rings are present in at 
least one-third of the aberrant figures. The actual number of late anaphase 
and early telophase figures with chromatin bridges produced by double- 
sized or interlocked rings amounted to approximately 8 percent of a total 
of 1 145 figures recorded in roots whose ring chromosome had not materially 
reduced in size in most of the cells (D, table i). 


Table i 

The frequency of normal and aberrant somatic anaphase and early telophase configurations 
in plants with different ring chromosomes. 



RING CHROMOSOME 

NORMAL 

ABERRANT 

% ABERRANT 

A 

R1 

605 

I 

0.16 

B 

R2 

1195 

14 

1. 1 

C 

R2 plus enlarged R2 

1169 

76 

6.1 

D 

Large ring chromosome II 

1053 

92 

8.1 


Since the fate of the double-sized or interlocked rings is not the same in 
all late anaphase and telophase figures, a number of t)rpes of behavior 
from anaphase to late telophase have been diagrammed in figure 3. Repre- 
sentative drawings from different cells are given in figures 5 to 24 and 
photographs of Plate I. In the diagrams, the behavior of double-sized 
rings has been emphasized since this t3^e could be clearly recognized in 
many cells. They are either clearly open or show a twist at the mid-region. 
Some of the interlocked rings should produce figures resembling those 
shown in the diagram and would not be easily distinguished from them. 

In most of the mitotic cycles the ring chromosome splits along a single 
plane, separation of the two halves proceeding normally at anaphase, 
figure 4. In the late anaphase figures the double-sized rings produce a 
double bridge the chromatin of which is pulled taut (figure 5, photograph 
I, Plate I). It is suspected that breakage of the chromatin bridges some- 
times occurs during this period (photograph 10, Plate I). Since such 
figures were not included in the counts mentioned above, the 8 percent 
of anaphase and telophase figures with bridges represent the Tninimnm 
number of cells in which double-sized or interlocked rings occurred. Some 
of the telophase figures surest an early breakage of one or both strands 
of the double bridge (figures 8 and 9 and photographs $ and 6, Plate I). 
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Figure 3. — Diagrams illustrating the behavior in somatic mitosis of double-sized ring chromo- 
somes with two spindle fiber attachment regions produced from the two split halves of a single 
ring chromosome. 

a. Successive stages from mid-anaphase to mid-telophase of a medianly placed double-sized 
ring chromosome. The cell plate determines the positions at which breaks will occur in the two 
chromatin bridges. 

b. Similar to a except that a twist is present in the bridge strands of the double-sized ring 
chromosome. 

c. Appearance in early and mid-telophase of a double-sized ring which was non-medianly 
placed in the spindle figure. The components entering each daughter nucleus vary in chromosome 
length and constitution. 

d. Similar to c except that the upper portion of the double-sized ring chromosome is not in- 
cluded in the reorganizing telophase nucleus. Such behavior results in the loss of a component of 
the ring chromosome from one of the daughter nucleL 

e. Appearance at mid-telophase of a double-sized ring chromosome with one broken bridge 
strand. 

f . Appearance at mid-telophase of a double-azed ring chromosome with both strands broken. 

g. Appearance at very early telophase suggesting an early breakage of bridge strands of a 
double-sized ring chromosome (or two interlocked sister ring chromatids). 

h. Comparable situation as illustrated in d except that the strands of the bridges are twisted ’ 
at the cell-plate region. 

i. Fine bridge of chromatin between two resting nuclei suggesting that a breaking of the 
strands had not occurred at telophase. 






In many cases, breakage of the strands composing the bridge does not 
occur at anaphase; compare photographs 9 u^nd 10, Plate I. The moving 
apart of the spindle fiber attachment regions in the double-sized rings is 
retarded by the tension of the chromatin bridges. The subsequent behavior 
is conditioned by the position in the spindle figure of this retarded ring 
or of two retarded interlocked rings. As the telophase sets in there is an 



Figtiee 4. — Normal separation of a ring chromosome in somatic anaphase. 

Figure 5. — double-sized ring chromosome in early telophase. 

Figure 6 . — A double-sized ring chromosome at a slightly later stage than 
that shown in figure 5. 

Figure 7. — Double-sized ring chromosome at mid-telophase. The bridge strands close to the 
cell-plate have become very thin. The shape of the chromosome within the nuclei has become 
discernible. 

Figure 8 . — Mid-telophase. Early breakage at the cell-plate region of two bridge strands of the 
double-sized ring. See comparable figure, photograph 6, Plate I. 

Figure 9. — ^Mid-telophase. Early breakage at the cell-plate region of one bridge 
strand of a double-sized ring. See photograph 5, Plate I. 

Figure 10. — ^Late telophase. Breakage of bridge strands of a double-sized ring chromosome 
at the cell-plate region and withdrawal of the chromatin into the nucleus at the lower part of the 
figure, 

immediate release of tension on the chromatin bridges produced through 
the swelling of the forming nuclei (photograph 2, Plate I). As the nuclei 
continue to swell and approach the cell-plate, the chromatin of the ring 
within the nuclei is relaxed, allowing the form of the ring chromosome to 
be dearly defined (figures 8, 9, ii, 16; photographs 3, 4, 5 and 8, Plate I). 
At this stage the tension on the chromatin threads from the nudear mem- 
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Figitre II. — Double-sized ring at mid-telophase. See photograph 3, Plate I. 

Figure 12. — Similar stage to that shown in figure 10 resulting from a previous double-sized ring 
with a twist at the mid-region or from two sister ring chromatids which were interlocked. 
Figure 13. — Sister nuclei at late telophase. The positions of the ring chromosomes suggest a 
previous bridge formation which has broken. 

Figure 14. — ^Resting stage. Sister nuclei with a fine connecting chromatin bridge. 
Figure 15. — Non-median position of a double-sized ring chromsome at late anaphase. See 
photograph 7, Plate I. In the photograph there is a twist in the ring chromosome. 
Figure 16. — ^Mid-telophase. The result of a non-median placement of a double-sized 
ring chromosome at anaphase. See photograph of the same, 8, Plate I. 

Figure 17. — ^Mid-telophase. The result of a non-median placement of a double-sized ring 
chromosome with a twist, or of two interlocked sister ring chromatids. 


brane to the cell-plate again increases. The threads become thin and taut 
as if being pulled into the nuclei (figures 7, 16, 17; photograph 8, Plate I). 
In a few cases, these fine chromatin threads are seen in relatively late telo- 
phase nuclei (figure 14). Since they usually do not persist into late stages, 
breakage must usually occur during the earlier telophase period. There 
were many sister telophase nuclei observed in which the ring chromosome 
in each nucleus was close to the region of the nuclear membrane lying 
nearest the cell-plate (figures 12 and 13). Such figures probably represent 
the last stage in the progress of the previously double-sized or interlocked 
rings. It should be emphasized that fusions of broken ends must occur 
after such breakage, since only ring chromosomes have been found to 
arise from ring chromosomes although rod chromosomes might be ex- 
pected. 

It sometimes happens that the passage of one spindle fiber attachment 



region of a double-sized ring proceeds toward its pole in advance of the 
opposing spindle fiber region. Consequently, the double-sized ring is not 
medially placed in the spindle figure. The cell-plate then intercepts the 
chromatin bridges in a non-median position (figure 15, photograph 7) 
Plate I). As a result, the components of the double-sized ring entering 
sister telophase nuclei will be unequal in size and chromatin constitution. 
One segment of the double-sized ring is sometimes not included in the 
telophase nucleus on its side of the cell-plate (figures 16 and 17, photo- 
graph 8, Plate I). 

If the chromosome is not split at anaphase, fusions of broken ends could 
give rise in the next division to normally disjoining sister ring chromo- 
somes, or if twists are present in the chromonema before fusion, to a con- 
tinuous double-sized ring or interlocked sister ring chromosomes when 

Explanation of Plate I 
All magnifications are approximately Xiioo. 

Plate I. — Individual cells from longitudinal sections of the growing points of roots. Photo- 
graphs I to 10 are of the large chromosome II ring. Photographs ii to 14 show an enlarged R 2 
chromosome. Photographs 15 and 16 are of the normal R 2 chromosome. 

Photograph i. Late anaphase. Bridge produced by separation of the split halves of a ring- 
shaped chromosome which is in the form of a double-sized continuous ring. There is a twist of 
the strands at the mid-region. 

Photograph 2. Early telophase. Beginning of relaxation of tension on the strands of the double 
bridge. 

Photograph 3. Mid-telophase, Complete relaxation of tension on strands of bridge. 

Photograph 4, Mid-telophase. Double-sized ring chromosome. 

Photograph 5. Mid-telophase. A double-sized ring chromosome. The strand to the right ap- 
pears to be broken. 

Photograph 6. Mid-telophase. A double-sized ring chromsome. Both strands appear to be 
broken at the cell-plate region. 

Photograph 7. Late anaphase. Non-median placement in the spindle figure of a double-sized 
ring chromosome. 

Photograph 8, Mid-telophase. The result of a non-median placement in the spindle figure of a 
double-sized ring chromosome. The strands adjacent to the ceU-plate have become attenuated. 
The lower segment of the ring chromosome was excluded from the forming nucleus. 

Photograph 9. Very early telophase. Chromatin bridge produced by a double-sized ring chro- 
mosome with twisted strands, or possibly two interlocked sister ring chromatids. 

Photograph 10. Very early telophase. Figures such as this suggest an early breakage of the 
strands of a double-sized ring chromosome or of interlocked sister ring chromatids. 

Photograph r i. T3?pical late anaphase position of a small ring-shaped chromosome which will 
be excluded from the reforming telophase nuclei. 

Photograph 12. Early telophase. Excluded ring chromosome which was previously non- 
medianly placed in the spindle figure. The cell-plate has passed below it. 

Photograph 13. Late anaphase. Stage in the process of exclusion of two closely associated 
ring chromosomes. 

Photograph 14. Similar to photograph 13. 

Photograph 15. Typical late anaphase position of a small ring-shaped chromosome which will 
be excluded from the telo|fiiase nuclei. 

Photograph 16. Mid-telophase, The result of a previously excluded ring-shaped chromosome. 
Tbe cell-plate has below the ring. 
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simple assumptions are made regarding the method of splitting or re- 
duplication of a chromonema along a single plane. If the chromosomes are 
split at anaphase, two by two fusions of the two adjacent broken ends of 
sister chromatids could result immediately in a continuous double-sized 
ring. If fusions two by two took place between the non-adjacent broken 
ends, continuous double-sized rings or interlocked sister ring chromatids 
could result. If the single (no anaphase split) threads were very much 
twisted or the double (split present at anaphase) threads coiled about one 
another, complex configurations would appear in the next anaphase. Only 
rarely was a figure found suggesting any complexity. If such behavior 
were the secondary cause of double-sized or interlocked ring chromatids 
(it cannot be the primary cause, see discussion), adjacent cells in the 
longitudinal rows could be expected to show chromatin bridges in an 
appreciable percent of the cases. They were present in a number of longi- 
tudinally adjacent cells. However, a very large number of such figures 
would be necessary to allow a satisfactory statistical study to be made. 
Although a large number of anaphase and telophase figures with aberrant 
configurations have been observed, the numbers of these in adjacent cells 
were insufficient for such a study. 

The mitotic behavior of small ring-shaped chromosomes 

The mitotic behavior of small ring-shaped chromosomes differs from 
that of large ring-shaped chromosomes in (i) the reduced frequency with 


Explanation op Plate n 

Plate II. — ^All photographs are of pachytene configurations in microsporocytes. X 1 100. 

Photograph 17, Synaptic association of a normal chromosome V, a Bef 2 chromosome V and 
an R 2 chromosome. See text figure 25, 

Photograph 18. Similar to photograph 17, See text figure 26. 

Photograph 19. For description, see text figure 27. 

Photograph 20. Synaptic association of a normal chromosome V and a Def 2 chromosome V. 
See text figure 28. 

Photograph 21. From a sporocyte of a plant with a normal chromosome V, a Def 2 chromo- 
some V and two R 2 chromosomes. The two rod-chromosomes have associated with one another 
(note buckle at spindle fiber attachment region). The two ring chromosomes have associated with 
one another. 

Photograph 22. Synaptic association of two R 2 chromosomes. 

Photograph 23. Late pachytene. The arrow points to the tiny R 1 chromosome. 

Photograph 24. Collapsed R 1 (upper) and R 2 (lower) chromosomes associated at their 
spindle fiber attachment regions. 

Photograph 25. Collapsed R 1 (left) and R 2 (right) chromosomes associated at their spindle 
fiber attachment regions. 

Photograph 26. R1 chromosome (arrow). Its spindle fiber attachment region is stuck to that 
of bivalent chromosome VIII. 

Photograph 27. Collapsed R 1 chromosome (arrow) whose spindle fiber attachment region is 
associated with that of a normal chromosome V bivalent. 

Photograph 28. Synaptic association of a normal chromosome V and a Def 1 chromosome V, 
See text figure 30. 




which double-sized or interlocked rings arise; (2) the more frequent loss 
of the ring chromosomes from the nuclei; (3) the considerably less frequent 
occurrence of changes in size of the ring chromosomes and (4) the occa- 
sional increase in the number of rings in a nucleus. 

The two small rings in cases I and II, figure i, have been used to study 
the behavior of small ring-shaped chromosomes in mitosis. In the sub- 
sequent discussions these two ring chromosomes wiU be referred to as 
R 1 and R 2 respectively. Cytological examination of the sporocytes in 
different branches of the tassel in plants with either of these rings had 
indicated that loss of the ring chromosome was occurring far more fre- 
quently than changes in size of the ring. This is in direct contrast to the 
behavior of large ring chromosomes, where changes in size are more fre- 
quent than loss. To obtain evidence on the method of loss, examinations 
of the meristematic regions of the roots of such plants were made. The 
tiny R 1 ring chromosome is clearly visible in the prophase nuclei of these 
cells. However, the description will confine itself to the behavior of the 
larger of these two rings, R 2 , and one of its enlarged derivatives, since 
anaphases showing aberrant configurations of the R 1 chromosome are 
found only very rarely. 

The aberrant anaphase and telophase configurations are characterized 
by the median or nearly median position of the double-sized (or inter- 
locked) ring chromosome in the spindle figure (photograph 15 for the 
normal R 2 and photograph ii for the enlarged R 2, Plate I). However, 
they occasionally he some distance from this position (figure 22 and photo- 
graph 12, Plate I). The ring chromosome in these configurations, as with 
the large ring chromosomes, frequently appears to be double-sized. In roots 
in which most of the nuclei contained the normal R 2 chromosome, 14 of 
the 1209 anaphase and telophase figures counted, or i.i percent showed 
these aberrant configurations (B, table i). They were observed many times 
in roots where counts were not made. 

The fate of the delayed double-sized ring depends upon its position in 
the spindle figure as the cell-plate appears. If it is in the middle, the cell 
plate passes through it, dividing it into relatively equal or decidedly un- 
equal segments (figures 19 and 20). If it is not medially placed, the cell- 
plate passes to one side and the double-sized ring remains in the cytoplasm 
of one of the daughter cells (figures 21 and 22, and photographs of same, 
12 and 16, Plate I). If it lies rather far away from the mid-region, it may 
be included in one of the nuclei. If this occurs and if normal splitting of 
this double-sized ring with two spindle fiber attachment regions follows 
in the next division, two double-sized rings, each with two spindle fiber 
regions should then be found lying dose together in the spindle figure 
when the two spindle fiber regions on the same chromatid pass to opposite 
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poles. Several configurations have been observed in which two rings were 
lying very close together (figures 23 and 24, and photographs of the same, 
13 and 14, Plate I). The exact contours of the individual rings could not 
be accurately followed and therefore have not been shown in the drawings. 
Since the contours of the two ring chromosomes could not be accurately 
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Figuse 18. — Simultaneous loss at late anaphase of two enlarged R 2 chromosomes. 
Figure 19. — ^Late telophase appearance after loss of an R 2 chromosome. The double-sized 
ring chromosome has been intercepted by the cell-plate. 

Figure 20. — Similar to figure 19 but a later stage. 

Figure 21. — ^Telophase. The excluded R 2 chromosome has not been intercepted by • 
the cell-plate. See photograph 16, Plate I. 

Figure 22. — ^Telophase. The excluded enlarged R 2 chromosome was not medianly placed in the 
spindle figure. See photograph of the same, 12, Plate I. 

Figure 23. — ^Late anaphase. Two enlarged R 2 chromosomes lying close together at the cell- 
plate region. For description, see text. See photograph of the same, 13, Plate I. 

Figure 24. — Similar to figure 23. See photograph of the same, 14, Plate I. 

followed, such figures could represent two interlocked ring chromosomes 
from a similar condition to that described above, if instead of a double- 
sized ring, two interlocked sister ring chromosomes had been included in 
the preceding telophase nucleus. 

Since anaphases and telophases with the ring chromosome lying in the 
middle of the spindle figure are the most frequent types of aberrant con- 
figurations, and since these rings are subsequently excluded from the 



tclopliase nuclei, the frequently observed absence of the ring chromosome 
from branches of the tassel or from groups of cells in an anther can be ex- 
plained. 

In connection with the problem of the mechanism of movement of 
chromosomes in the spindle it would be of interest to explain why these 
STnall double-sized rings do not appear to be under greater tension as their 
spindle fiber regions pass toward opposite poles. It is possible that move- 
ment toward opposite poles is initiated at the spindle fiber region of the 
chromosome at early anaphase but that continued movement is made 
possible by other forces exerted on the chromosomes when they have 
reached a region in the spindle which is some distance away from the 
equatorial plate. These double-sized ring chromosomes may be too small 
to reach this region by the pull exerted at the spindle fiber region. The 
behavior of intermediate sized rings lends support to this assumption since 
these sometimes remain in the equatorial plate either with or without 
evidence of tension. 

From cytological examination of sporocytes it was known that changes 
in size of the small ring chromosomes do occur though with relatively low 
frequency. The R 2 chromosome has been observed to decrease to several 
chromomeres and also to increase to seven or eight times its original size. 
Photograph 15, Plate I, represents a normal R 2 chromosome, photographs 
II and 12, an enlarged R 2 chromosome. It has also been seen that an 
increase in the number of these rings in a nucleus, usually with alterations 
in size, sometimes occurs. As many as six ring chromosomes in the nuclei 
of a sector of a plant which very probably possessed but one ring in the 
zygote have been observed in a single instance. 

If a double-sized ring is included in one of the daughter nuclei, as 
described above, a start in the direction of increase in number of rings 
has been made. The chance of loss of this ring chromosome in subsequent 
divisions is great. However, as already shown, the ring chromosome may 
be directly broken in two by opposed poleward forces at anaphase, or the 
poles of the spindle may lie so close together that the spindle fiber regions 
of the ring are readily included in the two nuclei, after which the resulting 
chromatin bridges are cut through by the cell-plate and drawn into the 
nuclei. When two double-sized sister ring chromosomes each with two 
spindle fiber regions are present in an anaphase figure, and when each of 
these is subsequently broken and the broken ends drawn into the telophase 
nuclei, the initial event in the production of a sector of tissue with two 
altered ring chromosomes has occurred. It is apparent, on this basis, why 
increase in number of these small ring chromosomes is relatively rare: one 
infrequent event must be followed by another. 
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Conclusions regarding ring chromosome behavior 

The foregoing account has indicated the probable method by which 
rings are altered in size and genic constitution or are lost from the nuclei 
altogether. From both cytological and genetical observations it has been 
concluded that the rate at which this occurs is dependent upon the length 
of the chromonema composing the ring: the longer the chromonema, the 
more frequent the occurrence of aberrant mitoses involving the ring. 
Counts of the aberrant ring chromosome configurations in late anaphase 
and very early telophase are given in table i. The counts are from roots 
in which the ring chromosome was present in most of the cells. In A, the 
R 1 chromosome of case I, figure i, is represented. One aberrant configura- 
tion of the ring chromosome was observed in these roots which were 
counted. Judging from the relatively small amount of bm 1 tissue shown 
by plants with this R 1 chromosome, loss of the ring chromosome must be 
relatively infrequent. In B, the small R2 chromosome of case II is repre- 
sented. The observed aberrant configurations of the ring chromosome in 
these roots amounted to i.i percent of all the figures recorded. As stated 
above, these aberrant configurations result mainly in loss of the ring 
chromosome from both nuclei. Variegation, expressed by the bm 1 tissue 
in these plants, is considerably greater than in the plants from which the 
counts of table i. A, were obtained. Table i, C, represents the counts 
from a plant which possessed two ring chromosomes, a normal R 2 and an 
R2 enlarged approximately three times. In the roots from which the 
counts were made, both rings were present in many of the nuclei. Aberrant 
configurations involving the enlarged R2 chromosome were more frequent 
than those involving the normal R2 chromosome. The size of the enlarged 
R2 chromosome lies at the border line between those rings whose aberrant 
configurations lead mainly to exclusion from the telophase nuclei (small 
rings) and those whose aberrant configurations lead mainly to changes in 
size of the ring chromosomes (large ring chromosomes) . For the enlarged 
R2, both types of configurations were frequently encountered. In table i, 
D, from a plant with a ring chromosome approximately twice the size of 
the enlarged R 2 chromosome, the aberrant configurations amounted to 
8 percent of the total number recorded. In this case, as described above, 
the figure is possibly too low. The telophase figures here were characterized 
mainly by changes in size of the ring chromosome rather than loss from 
the nuclei. 

H a ring chromosome in a given individual carried a dominant gene and 
the two normal rod chromosomes carried a recessive gene, the expression 
of variegation produced by losses or changes in constitution of the ring 
chromosome would depend upon (i) the size of the ring chromosome and 



( 2 ) the position of the gene with respect to the spindle fiber attachment 
region. In relatively small ring chromosomes, which are mainly lost from 
the nuclei, the expression of variegation is directly dependent upon the 
actual size of the ring chromosome: the larger the ring chromosome the 
greater the amount of variegation exhibited. This is strikingly illustrated 
by the two ring chromosomes, R 1 and R 2. The variegation produced by 
R1 is very much less than that produced by R 2. To check this conclusion 
without prejudice, cultures were obtained in which either R1 or R 2 or both 
R1 and R 2 chromosomes were expected to be present in individual plants 

Table 2 


Comparisons of the predicted and observed ring chromosome constitutions in cultures segregating 
plants with one^ two and three ring chromosomes. 


PREDICTION: 

IRl 

prediction: 

1R2 

PREDICTION: 

2 rings 

PREDICTION: 

3 rings 

Correct Deviation 

Correct 

Deviation 

Correct Deviation 

Correct Deviation 




s (i ring)* 


14 i(Rl-hR 2 ) 

IS 

3 (R 1 ) 

24 1(3 rings) t 

3 0 


* Three showed one Rl; one showed one R 2 in an estimated two R 2 plant; one showed one 
R 2 in an estimated R 1 plus R 2 plant. Complete agreement in all cases could not be expected in 
two- and three-ring plants from sporocyte examinations since loss of one of the ring chromosomes 
in the developmental stages of the tassel is expected in some cases. This particularly applies to 
the R 2 chromosome. 

t The estimate for this plant was two Rl. Some of the two Rl plants have practically no 
hml tissue. A two R 1 plant could be difficult to distinguish from a three R 2 plant. 

of the culture. In some of these cultures plants with three ring chromo- 
somes were expected. From the expression of the variegation exhibited 
by each plant a prediction was made as to the ring chromosome constitu- 
tion of the plant. Cytological observations were subsequently made to 
determine the correctness of these predictions. Table 2 shows the correla- 
tion of these observations with the predictions. Cultures of plants with 
the R 1 chromosome can readily be separated from cultures whose individ- 
uals possess the R 2 chromosome through observations of the variegation 
alone (see following section for more complete discussion). 

With relatively large ring chromosomes, which are characterized mainly 
by changes in size of the ring chromosomes, the expression of variegation 
would depend upon the nearness of the locus of the gene to the spindle 
fiber region. The farther away the locus, the greater is the amount of varie- 
gation that should be expressed. 

The method of alteration of the ring chromosomes as suggested by the 
somatic anaphase and telophase configurations should produce rod-shaped 
^romosomes. Although thousands of microsporocytes have been exam- 
ined in many of which an alteration of the ring chromosome has been ob- 
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served, no rod-fragments have been recognized. It can not be stated that 
they do not occasionally occur, but certainly their frequency must be 
exceedingly low. If the method by which ring chromosomes change in size 
has been correctly interpreted from the study of somatic anaphase and 
telophase figures, one is forced to conclude that the broken ends of the 
chromosomes unite, thus re^tablishing a ring. 

It might be stated here that when two ring chromosomes are present in 
the nuclei of a plant, it is rare that both rings show aberrant configurations 
in the same cell (figure 18 ). Each ring chromosome apparently acts inde- 
pendently with regard to the formation of double-sized or interlocked 
rings. 

That the behavior of ring chromosomes in maize is a consequence of 
their form and not of their genic constitution can be definitely stated, 
since a number of different ring chromosomes, each involving segments of 
chromosomes not strictly comparable, have been found so far. These in- 
clude segments from chromosomes II, V, VI, VIII and IX. Most of them 
were detected by the variegation which they produced but three were 
isolated independently of any visible effect. 

III. THE NATURE OE THE Bm 1-hm 1 VARIEGATION 

The gene hiH 1 when homo- or hemizygous produces a brown color of 
the cell walls. The color appears in the walls as soon as lignification sets in. 
It is not present before this period. The depth of color, on external exam- 
ination of bm 1 plants, is greatest in those tissues which are composed 
largely of thickened cell walls, such as the midrib of the leaf, the veins in 
the leaf sheath and the stalk tissue. The brown color is not easily detected 
in the leaf tissues other than the midrib since the cell walls are^jthin and 
the color is masked by the chlorophyll. 

As the plant matures in the field, the brown color has been noted to 
fade considerably in exposed regions of the plant but remains deep in 
those regions which are well protected from light. It was suspected that 
direct sunlight was causing a change in the structure of the brown pigment 
which resulted in loss of color. To determine if this was correct, black paper 
was placed about exposed parts of several bm 1 plants when the brown 
color was intense. The bands of black paper remained about these parts 
for a period of three weeks. When the paper was removed, the tissues 
protected from light had retained their original deep brown; the brown 
color in the tissues above and below the protected region had faded con- 
siderably. 

In plants possessing two normal chromosomes V with bm 1 (or one 
normal chromosome V with bm 1 and one of the deficient chromosomes 
V) and a ring chromosome with Bm 1, streaks of bm 1 tissues are pro- 



duced and can be seen by external examination of the plants (figure i). 
Over 7000 variegated plants haye been examined in the progeny of the 
two original variegated plants. {Cytological observations have indicated 
that loss of the ring chromosome carrying Bm 1 is the primary cause for 
the appearance of the hm 1 tissues. Losses can occur anywhere in the 
ontogeny of the plant. The patterns of the hm 1 tissues should give some 
indication of where and when these losses occurred. Although wide or 
narrow bands on the stalk (figure i) indicate an early or late loss of the 
ring chromosome, respectively, cross sections of the stem, where most 
of the cell walls are heavily lignified, give even a better indication of the 
time of loss. If loss occurred early in ontogeny, the whole plant would be 
bml.li the first loss occurred in one of the cells which is to give rise to 
the part of the plant above the ground, a wide sector of hm 1 would 
be produced. Still later losses would produce sectors of various widths in 
the stem. Very late losses would produce streaks or patches composed of 
a few cells only. All of these types of variegation patterns have been ob- 
served. 

When a stalk with a relatively wide external band of bm 1 tissue is 
cross-sectioned and examined with low magnification, the brown-walled 
tissue is seen to be composed of a V-shaped sector with the tip of the V 
pointing toward the center of the stalk. Many narrow surface streaks are 
produced by similar sectors but the V is smaller and the tip considerably 
removed from the center of the stalk. Very narrow streaks may be com- 
posed of only a few cells. Such streaks are visible on external examination 
of the stalk only if they lie at or close to the surface. Patches of bm 1 
cells not close to the surface cannot be seen by external examination. 

Dilution of color in the brown (bm 1) cell walls on the side of the wall 
adjacent to the white (Bm 1) cell walls was a striking feature of the 
variegation in all plants. That it is a dilution produced by the adjacent 
Bm 1 ceUs and not a spreading of the brown color from the hm 1 cell 
walls is suggested by the considerable reduction in intensity of color in 
the brown walls of the very small patches composed of only a few cells, 
and by the dilution of color of a row of bm 1 epidermal cells on the side 
adjacent to inner Bml cells. 

The variegation in plants possessing an R 2 chromosome is expressed 
by a few totally hm 1 plants where the ring chromosome has been lost 
before the cells which are to produce the stem meristem have been differ- 
entiated, to plants which are composed of many bm 1 streaks of different 
widths. Cross sections of the stems of the average variegated plant show 
wide V-shaped sectors, smaller V-shaped sectors and many irregular 
patches of bm 1 composed of few to many cells. 

The variegation patterns in plants with the R 1 chromosome were similar 
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to those produced by plants with the R2 chromosome but the total amount 
of hm 1 tissue was very much less. There were fe'wer sectors of all types 
in these plants, making cultures of the two t3pes of variegated plants 
readily distinguishable. This is expected from the cytological examinations 
•since the smaller ring chromosome is lost less frequently in somatic divi~ 
sions than the larger ring chromosome. The extent of variegation is a 
direct expression of the rate of loss of the ring chromosome. 

Plants with two ring chromosomes show considerably less variegation 
than plants with one ring chromosome. Loss of one ring chromosome 
followed later by loss of the second ring chromosome or simultaneous 
losses of both ring chromosomes must occur before the hm 1 tissue could 
be produced. The patterns of the hm 1 tissues in cross-sections of the 
stem clearly show this relationship. These fall into three main types of 
sectors: (i) solid V-shaped sectors, (2) spotted V-shaped sectors, and (3) 
small patches of hm 1 tissue. 

The solid V-shaped sectors are interpreted as relatively early losses of 
one ring followed slightly later by loss of the second ring chromosome or 
by occasional simultaneous losses of both rings. The spotted V-shaped 
sectors reveal more closely the relationship between loss of one ring fol- 
lowed considerably later by losses of the second ring. They are detected 
as a cluster of hm 1 patches in an isolated region of a stem which other- 
wise shows very few hm 1 patches. When each of the brown patches in 
such a cluster is traced with a camera lucida and lines drawn joining the 
outer boundaries of the outermost patches, the lines converge in the direc- 
tion of the center of the stem. They clearly define a V-shaped sector. 
Such spotted V-shaped sectors would be expected if loss of one ring carry- 
ing Bm 1 is followed later in development by losses in different cells of the 
the second ring chromosome carrying Bm L 

The small patches of brown waUed tissue, usually composed of only a 
few cells, can be interpreted as relatively late, successive, or occasionally 
simultaneous, losses of the two rings. 

There are three types of plants with two ring chromosomes: (i) those 
with two Rl, (2) those with one R1 and one R2 chromosome, and (3) 
those with two R2 chromosomes. Since somatic loss of the R2 chromosome 
is considerably more frequent than the R 1 chromosome, the amount of 
hm 1 tissue produced in each of these plants is progressively greater. 
Plants with two R 2 chromosomes have considerable amounts of hm 1 
tissue; those with one Rl plus one R2, very much less, and those with 
two Rl chromosomes exceedingly little hm 1 tissue. In this latter type 
of plant it is often necessary to examine cross-sections of the stem to 
determine if any hm 1 tissue is present. Such tissue, when not close to 
the surface, cannot be detected from field examinations of the plants. 
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Plants with three ring chromosomes of the constitution two R 2 plus 
one R 1 chromosome or one R 2 plus two R 1 chromosomes, have been 
obtained. These plants frequently show no external evidence of bm 1 
tissues. In all cases, however, careful examinations of the stalks have 
revealed small patches of bm 1 cells. The bm 1 cells could arise only 
after loss (mainly successive) of all three ring chromosomes from the 
nuclei. 

For the sake of comparison, the stalks of a number of plants with a 
normal chromosome constitution carrying Bm 1 in one chromosome V 
and bm 1 m its homologue were examined. In no case was there any 
evidence of bm 1 tissue. 

In conclusion it can be emphasized that the genetic expression of varie- 
gation is in full agreement with expectation on the basis of the cytological 
observations given in the previous section. In these plants with small ring 
chromosomes whose aberrant mitotic configurations are followed mainly 
by loss of the ring chromosome from the nucleus, the extent of variegation 
is a direct indication of the length of the chromonema composing the ring 
chromosome, the larger the ring chromosome the higher the rate of loss 
and thus, the greater the amount of exhibited variegation. Loss of the 
ring chromosome can occur at any stage in the development of the plant, 
early loss giving rise to a totally bm 1 plant, later loss to wide sectors 
of bm 1 and very late losses to small patches of bm 1 cells. The patterns 
exhibited by two and three ring chromosome plants are those expected 
from the cytological observations where it has been shown that simultane- 
ous loss of the several ring chromosomes from a nucleus is rare. The cause 
of the aberrant mitotic configuration arises independently in each ring 
chromosome. 

Knowledge gained from a study of variegation in these plants has been 
utilized in the analysis of tissues of plants mosaic for homozygous de- 
ficiencies (section V). 

IV. TYPES OF FUNCTIONAL GAMETES PRODUCED BY THE 
TWO OIUGINAL VARIEGATED PLANTS 

Each of the two original variegated plants possessed one normal chromo- 
some V with bm 1, one deficient chromosome V and a ring-shaped frag- 
ment chromosome corresponding in size to the deficiency in the rod 
chromosome (figure 2). In case II (Def 2, R2) prophase meiotic associa- 
tions had indicated the homology of the ring chromosome with the region 
in the rod chromosome which had been deleted (figures 25 and 26; photo- 
graphs of the same, 17 and 18, Plate II). Most frequently, the ring chromo- 
some did not associate with its homologous section in the normal rod 
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chromosome but remained separate and collapsed (for meiotic prophase 
behavior of ring-shaped chromosomes, see McClintock 1933). In all cells 
the deficient rod chromosome V and the normal chromosome V were asso- 
ciated. The normal V had to buckle to compensate for the deletion in the 
deficient V. Figures 27 and 28, and photographs of the same, 19 and 20, 
riate II, illustrate this association. In the plant from which figure 27 



Figure 25. — ^Pachytene association of a normal chromosome V, a Def 2 chromosome V and 
its compensating R 2 chromosome. The ring chromosome has been drawn with a finer line. The 
spindle fiber attachment region has been drawn as a sMght bulge. The dark bodies toward the 
end to the right are the knobs. See photograph of the same, 1 7, Plate 11 . 

was drawn, two ring chromosomes were present. They are separate and 
collapsed. Another figure from the same plant, photograph 21, Plate II, 
shows the not infrequent association of the two R2 chromosomes to form 
a true ring-shaped configuration and also the association of the normal 
and Def 2 chromosomes. 



Figure 26. — Similar situation to that shown in figure 25. See photograph of the same, rS, Plate IL 


In case I (Def 1, Rl), no figures were observed showing the association 
of the ring chromosome with its homologous section in the normal chromo- 
some, It is probable that it occurred in a small percentage of the cases but 
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would be difficult to detect except in the most favorable figures because 
of the smallness of the deficiency and the ring chromosome. Figures 29 
and 30 illustrate the pachytene association of the Def 1 chromosome with 



Figuke 27. — ^Pachytene association in a microsporocyte of a plant with one normal chromo- 
some V, one Def 2 chromosome V and two R 2 chromosomes. Note the buckle in the normal 
chromosome V at the spindle fiber attachment region and the two unassociated, collapsed ring 
chromosomes. The ring chromosomes have a similar chromatin constitution to that of the buckle. 
See photograph of the same, 19, Plate II. 

a normal chromosome V. The small ring chromosome (Rl) lies free and 
is collapsed. In figure 30 and photograph of the' same, 28, Plate II, non- 
homologous associations about the deficient region have resulted in a 



Figoee j8. — ^Pachytene association of a normal chromsome V and a Def 2 chromosome V. 
See photograph of the same, 20, Plate II. 


separation of the spindle fiber attachment regions of the two chromosomes 
(for expected non-homologous associations, see McClintock 1933). The 
small buckle below the lower spindle fiber region or the distance between 
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the two spindle fiber regions represents the extent of the deficiency. 
Photographs 23, 26 and 27, Plate II, illustrate the appearance of the R 1 
ring at meiotic prophase. In photograph 23, very early diplotene, the 



Figure 29. — ^Pachytene association in a microsporocyte of a plant with one normal chromo- 
some V, one Def 1 chromosome V and an R 1 chromosome. The ring chromosome is collapsed and 
is not associated with its homologous region (buckle) in the normal chromosome V. 


ring shape of the chromosome is clear. In photograph 26 the spindle fiber 
region of the R 1 chromosome is stuck to that of chromosome VIII. In 
photograph 27, the spindle fiber region of the collapsed R1 chromosome is 
adjacent to that of a normal chromosome V bivalent. Photographs 24 



Figure 30 . — ^Pachytene association of a normal chromosome V and a Def 1 chromosome V. 
Through non-homologous associations, the buckle which compensates for the deficiency, has 
shifted into the long arm of the normal chromosome V. Note the displacement of the spindle fiber 
attachment regions. See photograph of same, 28 , Plate 11. 

and 25, Plate II, illustrate the relative sizes of R1 and R 2 when both 
are present in the same sporocyte. In both photographs the collapsed ring 
chromosomes are associated by their spindle fiber attachment regions. In 
photograph 24 the R 1 chromosome is above, the R2, below. In photo- 
graph 25 the R1 chromosome is to the left, the R2 to the right. 

In plants heterozygous for either deficiency and its compensating ring 
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chromosome, the deficient rod chromosome and its normal homologue 
proceed quite normally during the meiotic mitoses, two spores of a quartet 
receiving the deficient chromosome, two the normal chromosome. The 
behavior of the ring chromosome, on the other hand is irregular. In the 
case of Ri chromosome the split halves separate and pass to opposite poles 
at anaphase I along with the disjoining bivalents (except where double- 
sized or interlocked ring chromosomes are formed). The split halves of 
the R2 chromosome likewise separate at I, either at the same time that 
the bivalents disjoin or slightly later. They are nearly always included 
in the first division telophase nuclei. 

In the second meiotic mitosis, the behavior of the ring chromosome is 
variable. They do not divide again but either pass to one of the poles 
along with the other chromosomes of the complement or remain in the 
spindle figure and are excluded from the telophase nuclei. The behavior 
of the rings in the two sister cells is not always the same. 

As a result of meiosis, four types of spores are to be expected. They 
carry the following chromosomes: 

1. Normal chromosome V. 

2. Deficient chromosome V. 

3. Normal chromosome V plus the ring fragment. 

4. Deficient chromosome V plus the ring fragment. 

The percentage of each type in an anther would depend upon (i) the 
proportion of the sporocytes which lacked a ring chromosome, giving only 
types I and 2 above, and (2) the percentage of cases in which the ring 
chromosome, when present, was included in the second meiotic telophase 
nucleus. 

Examination of the pollen has given some indication of the percentage 
of each of these four types which are present in an anther. Pollen from a 
6ml sector of a plant known to have a normal chromosome V (carrying 
6m J), a deficient chromosome V (Def 1), and an Rl chromosome, showed 
three types of grains: (i) large well filled grains, (2) small partially filled 
grains and (3) small totally empty grains. The proportions of each type 
are shown in table 3, A. In these 6ml sectors it is assumed on good evi- 
dence (see sections I and II) that the ring chromosome has been lost. 
Equal proportions of type i and type 2 grains should be present. If the 
small partially filled grains represent those with the Def 1 chromosome, 
the large filled grains, those with the normal chromosome V, they should 
be present in equal proportions. A total of 5535 normal pollen grains to 
5547 small partially filled grains clearly indicates this association. The 347 
small empty grains represent 3.3 percent of the total. In all samples of 
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pollen from normal maize plants there is a small percentage of these empty 
grains. They probably represent the products of abnormalities in meiosis 
which are not infrequently observed in normal plants. 

Anthers from Bml regions of the plant, in which the ring chromosome 
is present, give a higher proportion of normal well-filled grains (table 3 , B) . 
The difference is interpreted as due to the presence of the ring chromosome 
in some of the grains which have a deficient rod chromosome (t3q3e 4, 
above). Since the ring chromosome, if unaltered, covers the deficiency, 
a normal appearing pollen grain is expected. On this interpretation, the 
number of each t3q)e in a particular anther can be estimated. Pollen types 
I and 2 should be present in equal numbers. Likewise, types 3 and 4 
should be present in equal numbers. Type 2 grains can be directly re- 
corded. An equal number of the normal appearing grains should belong 
to type I. When this number is subtracted from the total number of 
normal appearing grains, the remainder can be equally distributed to 
t3^es 3 and 4. The estimates of each type of grain from the Bml anthers 
in table 3 B, are: type i, 1994; type 2, 1994; type 3, 743; type 4, 743, or 
36.5 percent each of types i and 2 and 13.5 percent each of types 3 and 4. 

In one plant, heterozygous for Defl Rl, four types of pollen grains 
were present, 619 large well-filled grains, 170 small but well-filled grains, 
426 small partiaUy-fiUed grains (t3q>e 2) and 49 small empty grains. If 
it is assumed that the small well-filled grains represent t3q)e 4 with an 
altered ring chromosome which does not completely cover the deficiency, 
pollen types 2 and 4 can be directly recorded. If, on the other hand, these 
grains are included in the normal appearing class, and calculations made 
as above, the proportion of t3q)es are: type i, 426; type 2, 426; type 3, 
184; type 4, 184. It is obvious that there is a close agreement in the cal- 
culated number of 184 for type 4 grains and the 170 grains which have 
been assumed to represent this type. 

In plants heterozygous for Def2 and R 2 , the type 2 pollen grains are 
large but almost completely empty. These grains cannot be distinguished 
from the few empty grains produced by other causes than the presence of 
the deficiency in chromosome V. However, if these latter grains are 
assumed to represent two percent of all the grains, an approximate esti- 
mate can be made of the number of grains with each of the four chromo- 
somal constitutions. The counts from the bml anthers are given in table 
3 C, and similar counts from the Bml anthers, with estimates of propor- 
tions of types, in table 3 D. 

The functional capacity of each of the four types of gametes can best 
be illustrated by reference to the t3^es and numbers of individuals result- 
ing from the crosses given in table 4. Section A in the table represents the 



342 


BARBARA McCLINTOCK 


Table 3 

A, Pollen counts from iml anthers of plants with the constitution Def XfhmllP.\. 


LARGE FILLED SMALL PARTIALLY 
GRAINS FILLED GRAINS 


% EMPTY 
GRAINS 


598A-2 

598A-2 

597A-2 

597^-2 

598A*i6 

S98A-3 

S97B-6 


B. Pollen coimts from Bml anthers of a plant with the constitution Def l/&mi/R 1. 


PLANT 

LARGE 

FILLED 

GRAINS 

SMALL 

PARTIALLY 

FILLED 

GRAINS 

EMPTY 

GRAINS 

598A-2 

1431 

802 

47 

S98A-2 

1094 

561 

26 

598A-2 

956 

631 

28 

Totals 

3481 

1994 

101 


ESTIMATES OF FOUR TYPES 
% EMPTY OF GRAINS IN PERCENT 


5 RAINS 

I 

2 

3 

4 

2.0 

36 

36 

14 

14 

1.5 

34 

34 

16 

16 

1-7 

40 

40 

10 

10 

1.8 


C. Pollen counts from bml anthers of a plant with the constitution Def2/&wi/R2. 


PLANT 

NORMAL GRAINS 

EMPTY GRAINS 

9S3B-6 

681 

733 

9S3B-6 

943 

918 

9S3B-6 

864 

962 

9S3B-6 

761 

779 

9S3B-6 

1036 

1079 

Totals 

4285 

4471 


B. Pollen counts from Bm 1 anthers of plants with the constitution Def 2 Ibml /R 2. 


ESTIMATE OF FOUR TYPES OF 
GRAINS IN PERCENT 

PLANT NORMAL GRAINS EMPTY GRAINS 

1234 


1009-10 

906 

864 

48 

48 

2 

2 

1009-8 

955 

623 

38 

38 

12 

12 

1009-8 

1281 

847 

38 

38 

12 

12 

1009-8 

1109 

822 

41 

41 

9 

9 

Totals 

4351 

3156 
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progeny from crosses of the two original variegated plants. Section B rep- 
resents crosses of plants from A of this table, which were heterozygous 
for the deficiency and compensating ring, with normal hm 1 plants. It 
can be seen that all four gametes produced by plants heterozygous for 
Defl R1 can be transmitted through the eggs. Through the pollen, 
gametes of type i and 3 are readily transmitted but gamete type 2 is 
not transmitted and gamete type 4 only rarely in competition with 
gametes i and 3. 

Table 4 



TYPE OF CROSS 
(Female parent to left) 

CONSTITUTION OF PLANTS 

hml PLANTS 

RESULTING FROM CROSSES 

VARIEGATED PLANTS 

hml /hml 

'Dtijhml 

hml/hmlj'Si 

Def/5?»i/R 


T>Qil/hmlfSi\Xhml 

218 

9 

16 

12 

A. 







6wiXDef2/6wi/R2 

38 

0 

0 

8 


Def2/Jw//R2X5wi 

3S2 

I* 

13 

II 

B. 

reciprocal 

696 

4* 

38 

154 







Def 1 /hm 

$00 

13 

29 

17 


reciprocal 

74 

0 

17 

I 

C. 


ISS 

6 

0 

0 


* These hml plants probably arose through very early loss of the ring chromosome. The 
Def2 chromosome is not transmitted without the R2 chromosome. 


In plants heterozygous for Def2 R2, gametes i, 3 and 4 are trans- 
mitted through the eggs but gamete 2 is not transmitted. Through the 
pollen, gametes i and 4 are readily transmitted. The frequent transmis- 
sion of the Def2 R2 combination through the poUen contrast with the 
very infrequent transmission of the Defl R1 combination through the 
pollen. Both cases are in agreement in the lack of transmission of the 
deficient chromosome minus its compensating ring chromosome through 
the pollen. 

To obtain high counts on transmission of the deficiency carrying gam- 
etes, the gene bt (brittle endosperm) was introduced into the normal 
chromosome. The bt gene is located in the long arm of chromosome V 
(Rhoades 1936) and gives very little crossing over with bmL No posi- 
tive case of crossing over between bt and the two deficiencies of chromo- 
some V has been found. Thus, plants with a deficient chromosome carry- 
ing Bt and a normal chromosome with bty when crossed to normal bt should 
give the percentage of deficiency-carrying gametes {Bt kernels) directly, 
without the necessity of growing large progenies and testing each indi- 
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vidual plant for the presence of the deficient chromosome. The results 
of such crosses are given in table 5. In many of the crosses bml was like- 
wise involved. The deficiency carrying plants were Def Bl/Bml bt with 
or without a ring chromosome carrying Bml. These were crossed with 
normal bml bt individuals. The Bt kernels should give rise to variegated 
(Bml-bml) plants when the ring chromosome is present or totally bml 
plants when the ring chromosome is absent; the bt kernels should give 
rise to totally Bml plants. The results of a test of the Bt and bt kernels 
are summarized in table 6. If no crossing over occurred between the de- 
ficiency and Bt, bml could appear in these crosses only when a deficient 
chromosome was present. 177 of the 358 individuals showing bml were 
tested for the presence of the deficient chromosome. It was present in 
every case. Thus, the data in table 5 can be used as a direct means of 
determining the functioning of the gametes which carry a deficient chro- 
mosome. 

Table s 

Bt kernel test of transmissions o/Def 1 and Def 2 chromosomes. 


CROSS* 

Bt 

bt 

I. +Bt/+biXbt 

2893 

2746 

2. reciprocal 

797 

889 

w 

3. Ddl Bt/+bt/B.\Xbt 

1217 

boss 

4. reciprocal 

4 

5544 

5. Def 1 Bt/-^ht (no ring) X bt 

927 

12682 

6. reciprocal 

0 

323 

7. Bef 2 B//+ 6 </R 2 XW 

187 

S 73 S 

8. reciprocal 

363 

1951 

9. Def 2 Bt/’^ht (no ring)X^/ 

0 

1319 

10. reciprocal 

0 

4065 


* A non-deficient chromosome V is represented by The pollen parent is placed at the right 
in each cross* 


Tte results given in lines 3 and s of table 5 are particularly interesting 
with respect to the functioning of the Def 1 chromosome through the 
eggs. If there had been no megaspore selection in favor of the spore carry- 
ing the normal chromosome and if all the eggs (or 2ygotes) which carried 
the Def 1 chromosome functioned, the ratio of Bt to bt should be equal. 
In all cases the number of bt kernels was greater than Bt and in all cases 
the ears were incompletely filled. The presence of the abortive grains on 
the ear indicate that there has been little if any selection of normal chro- 
mosome carrying megaspores. Therefore, the percentage of Bt kernels, 
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when the ht kernels are taken as the standard of expectancy, indicates 
the extent of functioning of the deficiency carrying eggs (or zygotes). 
The 927 Bt kernels in line 5, table 5, represent 7.2 percent of the deficiency 
carrying eggs (or zygotes) which functioned. In the 74 ears which contrib- 
uted to this count, the percentages ranged from o to 23.2 with half of 
the ears falling within the range of 2 to 8 percent. When the ring chro- 
mosome (Rl) was present (line 3, table 5) the Bt kernels on the 30 ears 
contributing to this count ranged from i to 40 percent of expectancy on 
the individual ears and averaged 20.1 percent. That this increase can be 
attributed to the presence of the ring chromosome covering the deficiency 
in many of the eggs can be seen from line i, table 6. 


Table 6 



PLANTS FROM Bt KERNELS 

PLANTS FROM bt KERNELS 

CROSS 

Bml— bml 
variegated 

bml 

Bml 

bml 

Defl BtfBml ht/'Bl'X.bml ht 

40 

23 

not grown 


Defl BilBml htXbml bt 

0 

85 

328 

0 

lDei 2 BtfBml btJ'RlXbml ht 

106 

7 

342 

0 

bml J/XDef 2 BtfBml &//R 2 

95 

2 

24 

0 


That pollen containing the Defl chromosome without its compensat- 
ing ring chromosome does not function in competition with normal poUen 
can be concluded from line 6, table 5, By use of a 170 wire mesh screen 
these grains, which are small and partially filled with starch, can be segre- 
gated from the normal grains and the possible factor of competition with 
the grains carrying the normal chromosome eliminated. Some of the 
ears pollinated with sifted pollen gave no kernels at all, others a few bt 
kernels through passage of a few small but normal chromosome pollen 
grains through the wire mesh. It can be definitely stated, therefore, that 
these grains are incapable of producing an effective pollination when placed 
upon normal silks. 

Line 4, table 5, suggests that the grains with a Def 1 and an Rl chro- 
mosome normally do not effect a pollination in competition with normal 
chromosome carrying grains. The four Bt kernels were grown to deter- 
mine the chromosome constitution of the resulting individuals. Two of 
these Bt kernels were definitely produced through contamination, one 
through functioning of a Def 1 R 1 grain and one could have been a cross- 
over between Bt and the deficiency although contamination could not be 
excluded definitely. If this kernel represents a crossover, it is the only 
evidence so far obtained of crossing over between the deficiency and bL 
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From this evidence it could be concluded that (i) the ring-shaped chro- 
mosome, Rl, does not completely cover the deficiency due to a loss of a 
small section either at the time of irradiation or during the development 
of the original plant or that (2) a mutation affecting pollen tube growth 
appeared at the time of irradiation or (3) the particular chromosomal 
modification (position effect) is responsible for the reduced pollen tube 
activity. If (i) above is correct, the deficiency, when homozygous, does 
not produce a visible effect in the tissues of the mature plant (see section 
V). 

That the gametes with Def 2 function only when the ring chromosome, 
R 2 , is present is evident from tables 5 and 6. The Def2 gametes with a 
complete R2 chromosome have an equal chance in competition with 
normal chromosome carrying gametes. The discrepancy in the percent- 
ages of Bt kernels in the reciprocal crosses, lines 7 and 8, table 5, can be 
understood when it is realized that the ear arises from a definite sector 
of tissue which originally may or may not have had the ring chromosome 
in its nuclei (6 of the 36 ears had no Bt kernels) whereas the pollen is 
shed from all parts of the tassel which is usually a mosaic of sectors with 
and without the ring chromosome. The percentage “expected” Bt kernels 
on the 36 individual ears in the cross summarized in line 7, table 5, ranged 
from o to 8.9 percent, those on the six ears summarized in line 8, from 4.5 to 
21.6 percent. 

As stated in section II, changes in size and genic constitution of the 
ring chromosomes occasionally occur'during ontogenesis of a plant. This 
being so, it could be objected that the two original ring chromosomes could 
not be kept constant through successive generations. Small duplications 
within a ring chromosome are not phenotypically detectable. They must 
be determined through cytological examination. In contrast, the deficien- 
cies within the ring chromosome can be detected through phenotypic 
appearances of certain plants (see section V) and through pollen trans- 
missions which tend to eliminate gametes with the deficient ring chromo- 
some. However, change in size of the ring chromosome is not frequent and 
with proper care, it is not difficult to maintain stocks with unaltered ring 
chromosomes. 

V. PRODUCTION OP PLANTS MOSAIC FOR HOMOZYGOUS DEPICTENCIES 

As shown in the previous section, the progeny of the crosses of the two 
original variegated plants by normal hml included a number of individuals 
with chromosomal constitutions similar to the two original plans. Plants 
heterozygous for Def 1 and Rl when crossed by plants heterozygous for 
Def2 md R2 should produce twelve types of plants, each with a different 
chromosomal institution: 
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1. hmllhml 5. Defl/&wi/R2 9. Def2/Jwi/Rl/R2 

2. hmljhml/'Rl 6. Defl/Def2/R2 10. Defl/bmI/Rl 

3. Def2/&wi/R2 7. hml/hml/Rl ii. Def l/&mi/Rl/R2 

4. Defl/5?wi 8. bml/iml/R\IR2 12. Def 1/Def 2/R1/R2 

In the cross of heterozygous Def 1 R1 by normal bml plants, a number 

of individuals with the constitution of plant type 4, above, were obtained. 
When these, in turn, are crossed by plants heterozygous for Def 2 R2, 
the first six types of plants listed above should be produced. 

All of the plants except 6 and 12 from the first cross, and all the plants 
except 6 from the second cross can be distinguished by the presence or 
absence of variegation, the type of variegation exhibited and the type of 
pollen shown by each plant. Cytological examinations of a number of 
these plants were in agreement with the field determinations. 

The appearance of plants of type 6 and 12 could not be predicted. In 
actual experience it proved very simple to identify them. Both types of 
plants possess two deficient chromosomes, Defl and Def 2. Plant 6 has 
one ring chromosome, R2, plant 12, two ring chromosomes, R1 and R2. 
These two types of plants will be designated R2 double-deficient and R1 
R2 double-deficient. 

In the R2 double-deficient plants, the ring chromosome covers both 
deficiencies. Its loss in somatic nuclear divisions should result in cells 
homozygous deficient for the extent of the deficiency in the Def 1 chromo- 
some. If these cells were viable and continued to multiply at the same rate 
as the surrounding heterozygous deficient cells, which are close to normal 
in growth rate, both wide and narrow sectors of homozygous deficient 
tissues should be produced through early and late losses, respectively, of 
the ring chromosome during ontogeny. In the R1 R2 double-deficient 
plants, both ring chromosomes cover the homozygous deficient segment 
in the rod chromosomes. Simultaneous loss of both ring chromosomes or 
loss of one ring chromosome followed later by loss of the second ring chro- 
mosome must occur in order that homozygous deficient tissue can be 
produced. The total amount of homozygous deficient tissues produced 
in the R2 double-deficient plants should be considerably greater than that 
produced by the R1 R2 double-deficient plants. If tissues homozygous 
deficient for the extent of the deficiency in Def 1 were visibly modified, 
the two t3pes of plants should be readily distinguishable. However, no 
prediction as to the nature of the homozygous deficient tissue was possible 
before the appearance of these plants. 

In addition to the bml and variegated plants resulting from the cross of 
Defl/&mlXDef2/6^;^i R2, one plant appeared (table 7) which was not 
bml and did not show the ordinary Bml-bml variation. This plant was 
stunted in growth habit, the leaves and leaf sheaths were uniformly 
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Table 7 

Def Xjhm 1 {no nwg)Xl)ef 2/hm //R 2. 


CULTURE 

hml AND 

VARIEGATED 

Defl/Def2/R2 

692 

220 

I 

693 

23 

0 

36-30 

97 

0 

Totals 

340 

I 


streaked with, fine bands of colorless tissue, as shown in figure 32 (com- 
pare with figure 31, a normal leaf). In the cross of Def l/6mi/Rl XDef 2/ 
^wi/R2, besides the hml and variegated plants, two new types of 
plants appeared (table 8). One type was similar to the plant just described. 
The other type was considerably larger, approaching normal in growth 
habit, but was not a typical bml or variegated plant, and presented the 
same fine streaks of colorless tissues in the leaves and leaf sheaths as the 
first new type. However, the total amount of such tissue was markedly 
less and the pattern of this tissue was not uniform, figures 35 and 36. 

Table 8 

Def X/hml/RlX'Dd 2/bml/R2, 


CULTURE 

hml Am) 
VARIEGATED 

Defl/Def2/R2 

Defl/Def2/Rl/R2 

694 

40 

I 

I 

695 

4 T 

I 

2 

35-9 

126 

0 

0 

35-10 

243 

1 

0 

35-11 

134 

5 

I 

36-24 

172 

2 

2 

Totals 

856 

10 

6 


It was suspected that the two new types of plants represented the two 
expected types of double deficients, and that the colorless streaks rep- 
resented the homozygous deficient tissues. Since these streaks of colorless 
tissue were not wide, as some of them theoretically should be from homol- 
ogies with the bml streaks in normal variegated plants, it was suspected 
that the cells of the homozygous deficient tissue were unable to multiply 
at the same rate as the surrounding heterozygous deficient cells. As stated 
in section II, loss of the R2 chromosome occurs much more frequently 
than loss of the R 1 chromosome. If the rate of loss for each of these two 
chromosomes is uniform throughout development, a uniform distribution 
of colorless streaks should be present in the R 2 double-deficient plants. 
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In the case of the R1 R2 double-deficient plants, early loss of the R1 
chromosome should give a sector of tissue with the pattern of colorless 
streaks characteristic of the R 2 double-deficient plants, since the chromo- 
some constitution within the sector 'is the same. If the R2 chromosome 
were lost early in ontogeny, a sector of tissue with a different pattern of 
colorless streaks should result. These colorless streaks should be consider- 
ably less frequent since the R 1 chromosome is lost from the nuclei less 
frequently. Nevertheless, the distribution of such streaks should be uni- 
form. If this hypothesis were correct, the small, uniformly but heavily 
streaked plants should be the R 2 double-deficient plants, the larger, non- 
uniformly streaked plants, R1 R2 double-deficient plants. That these 
two types represented the expected R2 and R 1 R2 double-deficient plants 
was established through cytological observations and confirmed by pollen 
examinations and appropriate crosses. 

In the intercrosses of plants heterozygous for Def2 and R2, the union 
of a Def2 R2 gamete with a similar gamete results in a plant with two 
Def2 chromosomes plus two R2 chromosomes. (It is of theoretical inter- 
est to point out that the chromosome number has been increased in these 
plants without changing the genome complement, that is, these 2 2 -chro- 
mosome plants are genomically equivalent to normal 20 -chromosome 
plants.) Since these plants are markedly different from the double-de- 
ficient plants, a description will be postponed until section VII. The 
functional gametes produced by these plants contain the Def2 chromo- 
some plus one or two R2 chromosomes. The gamete most frequently 
transmitted through the pollen contains but one R2 chromosome. In the 
crosses of Dtil/hml and Defl/5mi/Rl by plants homozygous for Def2 
and R 2 , all the eggs which carry the normal chromosome with hml 
should give rise to normal variegated plants, all those that carry a deficient 
chromosome to double-deficient plants. The results of these two t 3 q>es of 
crosses are given in tables 9 and ip. The test for the functioning of 
deficiency-carrying eggs is similar to the Bt and bt tests described in the 
previous section. The correlation between the proportions of functional 


Table 9 

Util/bml {no ring)XEoinozygatis I)ef 2 , R2. 



NORMAL /— i 

Defl/Def2/R2 

CULTURE 

VARIEGATED* 

814 

76 

0 

36-28 

61 

8 

36-29 

135 

20 

37-56 


0 

37-57 

64 

0 

Totals 

349 

23 


* A few plants were bm / , see page 364. 




eggs with a normal chromosome V, a deficient chromosome V, and a 
deficient chromosome V plus its ring chromosome, respectively, is similar 
in the two tests. 

It remains to be shown that the colorless streaks in the double-deficient 
plants represent the homozygous deficient tissues produced after loss of 
the ring chromosomes during somatic mitosis. Adequate confirmation of 
this relationship is obtained from the patterns of such tissues in double- 
deficient plants with the following ring chromosomes: one Rl, one R2, 
two R2, one Rl plus one R 2 , two Rl plus one R 2 , one Rl plus two R 2 . 
Double-deficient plants with different combinations of ring chromosomes 
can be obtained from crosses of R 2 and Rl R 2 double-deficient plants 
by plants homozygous for Def 2 R 2 and from intercrosses of the double- 
deficient plants. The results of the respective crosses are given in tables 
II, 12, and 13. It should be noted that only plants homozygous for Def 2 
R2 and double-deficient plants result from these crosses. 

Classification of these plants into the two categories of homozygous 

Table ii 

Def 1/Def 2/R I'KHomozygous Def 2, R 2. 


CULTURE 

HOMOZYGOUS 

Def2,R2 

Def 1/Def 2 
one R2 

Def 1/Def 2 
two R2 

823 

0 

I 

0 

987 

0 

2 

5 

9SS 

2 

3 

I 

989 

9 

II 

13 

990 

4 

18 

2 

991 

7 

4 

4 

992 

3 

20 

6 

37-8 s 

I 

7 

I 

37-86 

3 

17 

5 

37-87 

0 

IS 

1 

3788 

I 

9 

X 

37-89 

4 

20 

7 

37-90 

4 

8 

3 

37-91 

4 

18 

2 


5X 


Totals 


4Z 


153 
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Table 12 

Def 1/Def 2/R l/R2XSomozygous Def 2, R2. 

35: 

CULTURE 

HOMOZYGOUS 

Def 1 /Def 2 

Def I /Def 2 

Defl/Def2 

Def 1/Def 2 

Def2, R2* 

ONE R2 

TWO R2 

ONE R 1, ONE R 2 

THREE BINGS 

37-58 

11 

30 

9 

14 

3 

37-59 

6 

10 

II 

16 

2 

37-60 

5 

8 

2 

4 

0 

37-61 

I 

0 

0 

8 

0 

37-62 

I 

II 

II 

0 

0 

37-63 

3 

14 

3 

30 

2 

37-64 

3 

14 

0 

33 

4 

37-65 

5 

5 

0 

4 

3 

37-66 

0 

7 

0 

8 

2 

37-67 

4 

II 

2 

13 

8 

37-68 

0 

2 

I 

6 

2 

37-69 

I 

6 

I 

12 

5 

37-70 

3 

I 

I 

6 

5 

37-71 

2 

8 

6 

14 

2 

37-72 

14 

16 

3 

20 

6 

37-73 

12 

16 

5 

2? 

17 

37-74 

5 

8 

5 

19 

3 

37-75 

6 

IS 

I 

20 

3 

Totals 

$2 

152 

61 

254 

67 

* Some of these plants had, in addition, an R 1 chromosome. 




Def2 R2 and double-deficient was simple since the former type of plant 
has a peculiar growth habit (see section VII) and does not show the par- 
ticular streaks which are always present in the double-deficient plants. 
The double-deficient plants, in turn, were classified as to their ring chro- 
mosome constitution on the basis of the patterns of the colorless streaks. 
If the colorless streaks represent the homozygous deficient tissue, then 
the pattern exhibited by the double-deficient plants with the R1 or R2 
chromosome or various combinations of two or three of these rings should 

Table 13 

Plants obtained from sib crosses of Def 1/Def 2/R 1/R2. 


CULTURE 

HOMOZYGOUS 

Def2, R2* 

Def 1/Def 2 

I RING 

Def 1/Def 2 

2 RINGS 

Def 1/Def 2 
3 RINGSt 

37-76 

4 

IS 

IS 

9 

37-77 

I 

14 

27 

II 

37-78 

3 

0 

19 

5 

37-79 

5 

6 

20 

8 

37-80 

0 

3 

4 

6 

37-81 

2 

0 

9 

I 

37-82 

6 

17 

21 

17 

1000 

0 

8 

27 

II 

lOOI 

9 

I 

14 

9 

1003 

2 

7 

22 

10 

Totals 

3 ^ 

71 

178 

S7 


* Several of these plants had, in addition, an R 1 chromosome, 
t Several of these plants were suspected to have four rings. 
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be predictable from the knowledge of their behavior in somatic mitosis 
(section II) and from the knowledge gained from a study of the patterns 
of bml tissues in normal variegated plants with these same combinations 
of ring chromosomes (section III) . A number of these plants were examined 
cytologically to establish the value of the prediction. The results are sum- 
marized in table 14. The agreement between predicted and observed is 
obvious from the table. ^ 

Table 14 

Comparisons of predicted and observed chromosomal constitutions , , 


PREPICTED CONSTITUTION 

NO. PLANTS 

DEVIATION PROM 

EROM APPEARANCE OE PLANT 

EXAMINED 

EXPECTATION 

Homozygous Def2, R2 

17 

O 

Def 1 /Def 2-1-one R2 

l8 

O 

Def l/Def24-two R2 

lO 

I (i Rl) 

Defl/Def2-{-one R1 and one R2 

24 

i(iRi) 

Def 1 /Def 2+two R 1 and one R 2 

5 

2(2R2; iRl-h2R2) 

Def 1 /Def 2 -hone R1 and two R2 

6 

I (R1+R2) 

Totals 

8o 

5* 


* See footnote *, table 2 . 

The patterns of colorless tissue exhibited by the various double-deficient 
plants will be briefly described. Photographs of parts of leaves of double- 
deficient plants with various ring chromosome combinations are given in 
figures 31 to 38. To conserve space only a small part of a leaf is shown, 
which considerably limits the effectiveness of the demonstration. 

The colorless streaks in the one R2 double-deficient plants are uniformly 
distributed throughout the leaf area and are relatively closely spaced 
(figure 32). Double-deficient plants with the R1 chromosome have been 
produced only by very early loss of the R2 chromosome in plants originally 
possessing both the R1 and R2 ring chromosomes. There is considerably 
less streaking but the distribution of these streaks is uniform (figure 34). 
Plants with two R2 chromosomes are clearly distinguishable from those 
with an R 1 and R2 chromosome. In both types of plants the streaking is 
not uniformly distributed. The two R 2 chromosome plants have a con- 
siderably greater total amount of colorless tissue. There are numerous 
sectors of various widths with a pattern similar to that shown by the one 
R 2 plants (figure 33, sector to right). This is to be expected since loss of 
either ring chromosome would give rise to cells with Ihe same chromosome 
constitution as the one R 2 plants. Sectors with the R 1 pattern, figure 34, 
are not foimd. The R 1 R2 double-deficient plants have fewer streaks 
than the two R 2 plants. The sectors in these plants are either of the one 
R 2 type {figure 36, sector to left), or of the R1 type (figure 35, sector to 
right of mid-rib), thiou^ early loss of the R 1 or R 2 chromosome, respec- 



RING CHROMOSOMES IN MAIZE 


353 

tively. In the three ring double-deficient plants, very few colorless streaks 
were observed. This is 'particularly evident in the two R1 plus one R 2 
plants. Many of the leaves in these plants have no well defined sectors 
but only scattered streaks here and there. Sectors, when present, are 



Figuke 31 . — (upper) Surface "view of a small region of a leaf of a plant ‘vrfth a normal chro- 
mosome constitution. The wide clear band is the midrib. The finer parallel bands are the veins. 

Figuke 32 . — (middle) Surface view of a small region of a leaf of a plant with Def 1, Def 2 and 
an R2 chromosome. The wide clear band is the midrib. Note the many fine streaks of colorless 
homo^gous deficient tissue. 

Figuee 33 . — (lower) Surface view of a small region of a leaf of a plant with Def 1, Def 2 and 
two R2 chromosomes. Note the sector to the right of the midrib composed of many fine streaks 
(one ring sector) and the sector immediately to the left of the midrib with comparatively few 
streaks (two-ring sector). 

usually narrow (figures 37, 38). The two R2 plus one R 1 plants have more 
streaking and more well defined sectors. 

That the colorless streaks represent the homozygous deficient tissues 
resulting from loss of the ring chromosome from the nuclei seems certain 
from the correlations of the patterns of this tissue in the six t3^es of 
plants. 

The amount of homozygous tissue in a double-deficient plant bears an 
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inverse relation to the size of the plant, the greater the total amount of 
homozygous deficient tissue present, the smaller the plant. The one R2 
double-deficient plants are smaller than the two R2 plants, which in 
turn, are smaller than the R1 R2 plants. The three ring plants are prac- 
tically equal in size and vigor to plants with a normal chromosome con- 
stitution. 



Figure 34.“— (upper) Surface view of a small region of a leaf of a plant witli Def 1, Def 2 and 
one R 1 chromosome. Note the distribution of streak of homoaygous deficient tissue. Compare 
with figures 32 and 33. 

Figure 35.— (middle) Surface view of a small region of a leaf of a plant with Def 1, Def 2 an 
R 1 and an R 2 chromosome. Note the R1 sector in the middle of the region to the right of the 
m^fo and the sectors to either side of it which are comparatively free of streaks of homozygous 
deficient tissue. 

Figure 36.— 0 ower) Surface view of a leaf of a plant with the same constitution as that in 
upre 35. Note the R 2 sector (left) and the comparatively small number of homozygous deficient 
tissue streaks in the tissue to the right. 

^ From homologies of the hml sectors in normal variegated plants (sec- 
tion III), wide sectors of homozygous deficient tissues in the double- 
deficient plants would be expected to be found if the cells of such tissues 
could grow and multiply at the same rate as the surrounding cells. It is 
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reasonable to assume that these cells, with a deficient chromosome com- 
plement, would be incapable of an equal growth rate. The juxtaposition 
of two tissues with unequal growth rates should cause considerable dis- 
tortion of the cells about the boundaries of the two tissues. This is obvious 
from the microscopic observations of the two types of tissues in the double- 
deficient plants. The normal tissues appear to be pulling in the direction 
of the homozygous deficient tissues. The more rapid growth of the normal 




Figure 37 . — (upper) Surface view of a small region of a leaf of a plant with. Defl, Def2, 
two R2 and one R 1 chromosomes. Note the two narrow sectors witli streaks of homozygous de- 
ficient tissue. 

Figure 38 . — (lower) Surface view of a small region of a leaf of a plant with Def 1, Def 2, two 
R 1 and one R2 chromosomes. Note the narrow sector to the left of the midrib with a few streaks 
of homozygous deficient tissue. 

tissues may exert enougli pull upon the homozygous deficient cells to 
cause separation at cell boundaries and the production of a hole in the 
midst of a patch of homozygous deficient tissue. In the one R2 double- 
deficient plants, which have the most homozygous deficient tissue, the 
unequal growth rates of the two types of tissue is reflected in a roughened, 
finely corrugated surface of the considerably reduced and narrowed leaf. 

The evidence for considering the colorless streaks as tissues homozygous 
deficient for the extent of the deficiency in the Def 1 chromosome can be 
briefly summarized: 

I, Plants which show these colorless streaks must contain two deficient 
rod chromosomes, one of which must be the Defl chromosome. This has 
been proven by cytological examination, pollen examination and appropri- 
ate crosses. Plants homozygous for Def2 R2 do not show the colorless 
streaks characteristic of the double-deficient plants. It will be shown in 
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section VII that cells homozygous for the full deficiency in the Def 2 
chromosome (which is more than twice as long as that in the Def 1 chromo- 
some) are incapable of surviving. 

2. Plants with these colorless streaks can arise only in crosses where 
double-deficient plants are expected. For confirmation, see tables 7 to 13. 

3. When streaked plants are crossed to normal plants, no streaked 
plants should appear in the progeny. This has been fully confirmed. 

4. The amount of streaked tissue present in a plant and the pattern 
exhibited should be correlated with the number and kinds of ring chromo- 
somes present. (See table 14 and previous discussion.) 

5. A reduced growth rate in the cells homozygous deficient for such a 
relathely large section of the chromosome is to be expected. This is re- 
flected in the small size of the colorless streaks and the distortion of tissues 
produced by the juxtaposition of tissues with unequal growth rates. 

In mentioning the crosses given in tables 11,12 and 13, little was stated 
concerning the functional gametes produced by the double-deficient plants. 
The one R 2 double-deficient plants produce four types of gametes (i) 
Defl, (2) Def2, (3) Defl R2, (4) Def 2 R 2 . As shown previously, the 
gamete with Def 2 (2 above) will not function in pollen or ovule; (i) above 
will function in some but not aU of the eggs in which it is present but will 
not function through the pollen. Gamete (4) is equally viable through the 
eggs and pollen (tables ii to 13). Gamete (3) is a new tjq)e the functioning 
of which had to be tested. It was foimd to function readily through the 
eggs. That it does not function through the pollen in an appreciable 
amount in competition with (4) is shown by the following test. Pollen of 
R2 double-deficient plants was placed upon silks of normal bml plants. 
The resulting plants should be variegated {Bml and hml) and heterozy- 
gous for either Defl or Def 2. Since both types of plants can be distin- 
guished through pollen examinations (see section TV), the pollen of 171 
plants resulting from this cross was examined. All showed the presence of 
the Def 2 chromosome. Cytological verification was obtained from 28 of 
these plants. From this evidence, it can be concluded that type (4) pollen 
grain is the only normally functioning grain produced by these plants. 

The functional gametes of the R 1 R2 double-deficient plants have been 
determined. Of the eight possible gametes; (i) Defl, (2) D6fl Rl, (3) 
Defl R2, (4) Defl Rl R2, (5) Def2, (6) Def 2 Rl, (7) Def2 R 2 , (8) Def2 
Rl R2, the egg can transmit all except (5) and possibly (6). The pollen 
transmits only (7) and (8). 

The dissimilarity in functional capacity of the different types of gametes 
in pollen and ovules is reflected in thePr and pr ratios (Pr, purple alesir- 
one; pr, red aleurone) in reciprocal crosses (table 15). Pr is located in the 
kmg arm of chromosome V, 18-24 units from Bml (Emerson, Beadle and 
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Fraser, 1935; the percentage of crossing over varies within this range in 
different strains). As is obvious from the discussion in this paper, Bml 
is very close to the spindle fiber region in the short arm of chromosome V. 
A measure of the crossing over between the deficiency (or spindle fiber 
region) and Pr can be obtained directly from the crosses shown in table 

Table 15 

Dissimilarities in reciprocal crosses. 


CROSS 

Pr 

% 

pr 

% 

Defl pr 11)612 Pr/^ 2 Xpr 

60 

3I-S 

130 

68. S 

reciprocal 

S192 

81.3 

1198 

18.7 

Defl PrlTttn pr/'R. 2 Xpr 

8 s 

61.2 

54 

38.8 

redprocal 

495 

19.0 

2106 

81.0 

Defl ^r/Def2Pr/Rl/R2X^- 

177 

27. S 

458 

72.2 

redprocal 

4964 

83-7 

973 

16.3 

Defl Pr/Def2 ^/R1/R2X^ 

165 

66.6 

83 

33*4 

redprocal 

313 

18.0 

1422 

82.0 


16. Since no ring chromosonae is present, only the pollen grains carrying 
the normal chromosome function. Crossing over is not altered in plants 
heteroaygous for Defl and very little in plants heterozygous for Def 2 . 

Tabie 16 


CROSS 

Pr 

pr 

% CROSSING OVER 

prXDeU Pr/+pr 

2789 

9175 

23-3 

prXDeil prl-{-Pr 

1286 

42s 

24.8 

prXDtil PrjArpr 

562 

2201 

20.3 

prXDtil prl-\-Pr 

823 

184 

18.2 


In double-deficient plants, with one Defl and one Def 2 chromosome, 
crossing over is similar to that in plants heterozygous for the Def 2 chro- 
mosome, “reciprocal” crosses (table 15). 

VI. SIMULATION OF THE hml PHENOTYPE THROUGH 
LOSS OE THE Bml LOCUS 

When one-ring and two-ring double-deficient plants were closely ex- 
amined, fine streaks of brown tissue were seen in the leaf sheath, the mid- 
rib and the veins of the leaf. These fine streaks were many times more fre- 
quent in the one-ring plants than in the two-ring plants. The shade of 
color and its association with cells having thickened walls were strikingly 
similar to the effect produced by brown midrib (bml). In some of the 
streaks it was obvious that the brown color of the vein was associated 
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with adjacent parenchyma cells lacking chlorophyll. Since it was known 
that normal Iml produces a brown color in the lignified cell walls, which 
can be seen in sections of any lignified tissue, the leaf sheaths with brown 
streaks were removed, sectioned fresh and examined microscopically. It 
was immediately observed that the brown color was in the cell walls. It 
was gimilar in its range of color and in its deposition in the cell wall to that 
of ordinary bml. When brown patches appeared in regions where plastids 
are normally lacking, that is, heavy-walled schlerenchyma cells, the ad- 
jacent parenchyma cells, when too thin-walled to show the brown clearly, 
frequently lacked plastids. When theadjacentplastid deficient parenchyma 
cells possessed thickened walls, a brown color could be seen in these walls. 
The brown-waUed and plastid deficient cells formed a definite unit of 
tissue. It was suspected that these small sectors represented homozygous 
deficient tissues and that a brown pigmented cell wall would accompany 
all such tissues. However, the walls of the cells in the colorless streaks in 
the leaf, except about the veins, are too thin, and the concentration of 
brown pigment insufficient for a visible effect. If the homozygous deficient 
cells, produced by loss of the ring chromosome from the nuclei, have brown 
cell walls, cross-sections of the stem of the single-ring double-deficient 
plants should show many small, uniformly distributed patches of cells 
with brown cell walls, just as the leaf is uniformly streaked with fine 
stripes of colorless tissue. This proved to be true for each of the many R2 
double-deficient plants examined. The sections of the stem were advan- 
tageous in relating the brown-walled cells to those which lacked plastids 
since the normally plastid-carrying parenchyma in the outer region of the 
stem is thick waUed and has a sufficient concentration of brown to be 
readily seen. Considerable distortion of the bundles and cells was present, 
particularly in the regions about relatively large patches of brown-walled 
cells. The types of distortion suggested that the brown-walled cells had 
grown at a slower rate than the surrounding white-walled cells. 

In contrast to the single-ring plants, cross-sections of stems of the two- 
ring plants showed fewer brown patches. Such would be expected if the 
brown color were limited to cells which were homozygous deficient; loss 
of one ring followed by loss of the second ring must occur before the homo- 
zygous deficient cells could be produced. Frequently a cluster of brown 
patches was present in a restricted region of the stem. When the extent 
and position of these brown patches were traced with a camera lucida and 
a boundary drawn about the cluster, it was clear that they formed one 
continuous sector. In the two R2 double-deficient plants, the number and 
distribution of the brown patches in such a sector were similar to those 
of the one R2 plants. In the R1 R2 plants, some of such sectors were 
similar to the above and some had considerably fewer patches in a cluster. 
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In the former plant, the sectorial clusters of brown patches correspond 
to the one-ring sectors seen in the leaf through early loss of one of the R 2 
chromosomes. In the latter plant, the two types of sectorials correspond 
to early losses of the R1 or R 2 chromosome, respectively. 

If the brown-walled, plastid-deficient patches of cells represent the 
homozygous deficient tissue, the three-ring double-deficient plants should 
show very few such patches. When present, their distribution should cor- 
respond to that observed in the leaves of these plants. The results obtained 
were in complete agreement. There were very few such patches in these 
three-ring plants. This is especially true of the two R 1 plus one R2 plants. 

It might be stated here that plants homozygous for Def2 R 2 do not 
show these patches of brown-walled, plastid-deficient cells. The homozy- 
gous deficient cells in these plants, as will be shown in the next section, are 
in viable. 

(i) The correlation of the brown cell walls with the cells lacking plas- 
tids, (2) their presence in narrow streaks, (3) the restricted growth capac- 
ity of these cells, (4) their uniform distribution in one-ring double-deficient 
plants, (s) their reduced frequency in two R2, R1 R2, and three-ring 
plants, respectively, and (6) the distribution patterns in sectorials in these 
two- and three-ring plants summarize the homologies of the brown-walled 
cells with the streaks of colorless cells in the leaf which were shown to be 
homozygous deficient in the previous section. 

The brown-walled cells are homozygous deficient for the full extent of 
the deficiency in Def 1. At this point it should be emphasized that the locus 
of Bml is carried by the ring chromosome and that there is no locus for 
Bml 01 bml in the deficient rod chromosomes. If the brown color in the 
walls of these homozygous deficient cells is similar to bml^ it should ap- 
pear in the development of the wall at the time lignification sets in, as 
has been shown for normal bml (section III). Furthermore, the brown 
color of the walls in such cells, when adjacent to white-walled cells, should 
be diluted on the side adjacent to the white-walled cells, as observed in 
normal variegated plants. Thirdly, when exposed to intense light, the 
brown color should fade just as normal bml fades on exposure to light. 

Immature cells are present at the base of each leaf sheath. These cells 
rapidly merge into fully mature cells just above this region. If a leaf 
showing a prominent brown streak is removed and serial sections made to 
trace the brown streak as it emerges from the immature cells, it becomes 
obvious that the brown color appears as the cell walls become lignified in 
a manner fully comparable to normal bmL Thus, the time of appearance 
of the color in the development of the wall is similar to that in normal 
bml plants. 

When examining the brown patches in sections of the stem it was ob- 
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served that the color of the brown in the walls of the plastid deficient 
cells was considerably diluted on the side adjacent to the white-walled, 
plastid containing cells. This, in turn, is comparable to the observations 
in normal variegated plants. 

To test the third correlation, fading of the color when exposed to light, 
black paper was placed over part of a conspicuous brown streak in a leaf 
sheath or midrib of a leaf. Upon removal, several weeks later, the brown 
color under the paper had retained its intensity, that above and below 
had lost much of its intensity. In this respect, the brown of the homozy- 
gous deficient tissues is similar to normal hml. 

The range in color of normal hml varies in some plants from a deep 
wine red to a light orange, the deep red color being present in the stem 
toward the basal nodes, the light orange in the regions toward the top of 
the plant. This same gradation of color in comparable regions was found 
in the brown patches of the double-deficient plants. 

To summarize: The two browns, the normal hml and the brown pro- 
duced in cells possessing no locus for this gene, are comparable in (i) time 
of appearance of the color in the development of the cell walls, (2) in 
dilution of the color in regions adjacent to white-walled {Bml) cells, (3) 
in loss of intensity of color when exposed to light, and (4) in range of color 
variations in specific regions of the plant. No differences could be detected 
in the expression and behavior of the brown color in the two cases. Al- 
though it has not been proven that hml is due to a deficiency in chromo- 
some V, it can be stated that absence of the locus of Bml wiU duplicate 
the phenotypic expression oi hml. 


VII. THE PRODUCTION AND APPEARANCE OE PLANTS 
HOMOZYGOUS EOR Def 2 R2 

Mention of plants homozygous for Def 2 R2 has been made in the 
previous section. The first of these plants appeared in the progeny of sib 
crosses of Def2/&mi/R2 through the union of two gametes each contain- 
ing Def 2 and R2. Such plants were to be expected. However, as in the case 
of the double-deficient plants, no prediction could be made as to appear- 
ance other than that they should not be typical hml or variegated plants. 
Nevertheless, they are readily recognizable. They are short, usually deep 
green in color, with thickened, erect leaves and do not show normal Bml— 
hml variegation. The streaks of colorless tissue, so characteristic of double- 
deficient plants are absent from the leaves. 

In later generations many plants homozygous for Def 2 R2 were ob- 
tained. C3rtological examination of microsporocytes at pachytene has con- 
firm^ the accuracy of the phenotypic classification (table 14). The two 
deficient chromosomes V synapse homologously throughout their length. 



RING CHROMOSOMES IN MAIZE 361 

The changed arm ratio produced by the deficiency is clearly evident. In 
the normal chromosome V, the chromomeres adjacent to the spindle fiber 
region on the short arm are relatively large and deep-staining. With the 
removal of this section in the production of the ring chromosome, small, 
light-staining chromomeres are brought adjacent to the spindle fiber re- 
gion, making this deficient chromosome V readily recognizable at pachy- 
tene. The two ring chromosomes either synapse to form a ring-shaped 
bivalent, similar to the rings in photographs 21, 22, Plate II, or remain 
unsynapsed and appear as two collapsed rings, similar to the rings in 
photograph, 19, Plate II. There is no tendency for the ring chromosomes 
to synapse with any part of the deficient rod chromosomes V. 

The pollen of these plants is always highly abortive. Only those grains 
possessing a ring chromosome are normal in appearance and capable of 
functioning. 

The loss of one ring chromosome followed by loss of the second ring 
chromosome should give rise to cells homozygous deficient for the full 
extent of the deficiency in the rod chromosomes. If these cells were viable 
and capable of multiplying, evidence of such tissue would be expected in 
the leaves of these plants from homologies with the double-deficient plants 
described in the previous two sections. Since evidence of such tissue did 
not appear in the leaf, it was suspected that the cells whose nuclei were 
homozygous deficient for this relatively long section were inviable or in- 
capable of further multiplication. Longitudinal sections of growing points 
of roots of these plants were made with the view of finding evidence of the 
fate of these cells since such cells necessarily are formed. 

In all root meristems of plants homozygous for Def 2 R2, the following 
peculiar cell type was found. It was confined to roots of these plants, not 
being present in normal or double-deficient plants. Very much enlarged, 
heavily vacuolate groups of two or more cells in positions indicating rela- 
tion in descent, were observed in regions of the root where enlarged cells 
are not normally encountered (figures 39, 40, 41). When a mitotic figure 
was observed in one of these cells, the chromosomes were short, thickened 
and sometimes irregularly placed in the spindle. Daughter telophase nu- 
clei were sometimes joined by a connecting nuclear bridge. In older regions 
of the root, degeneration processes in these cells, depicted first by an aber- 
rant staining reaction of the nucleolus followed by a pycnotic condition 
of the cytoplasm (figure 42), and finally by a collapse of these cells due to 
the pressure of the normal surrounding cells (figure 43). Should the space 
formerly occupied by these cells be extensive, the surrounding cells divide 
in planes other than normal, filling in this space which might otherwise 
have remained as a hole in the tissue (figure 43). The numbers of such 
patches of enlarged cells varied considerably in different roots. Some had 
many, others relatively few. 
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Figure 39. — (left) Longitudinal section of a root tip of a plant homozygous for Def 2 and R 2 . 
Note the two adjacent, enlarged (homozygous deficient) cells near the tip of the growing point 
and the row of enlarged, degenerating (homozygous deficient) cells in the root cap directly above. 
Mag, X 160. 

Figure 40. — (right) Similar to figure 39. Note the transverse row of four enlarged 
(homo2ygous deficient) cells. Mag. X 160. 

The conditions depicted conform strictly to expectancy if these cells 
represent the homozygous deficient cells resulting from loss of the ring 
chromosomes from their nuclei. Loss of one ring chromosome would cause 
no obvious tissue alteration since tissues heterozgyous for Def 2 are normal 
in appearance. Loss of the second ring chromosome, such loss taking place 
at anaphase by being left at the equatorial plate of a mitotic figure, would 
result in two adjacent cells whose nuclei would be homozygous deficient 
for the extent of the deficiency in the Def 2 rod chromosomes. The occur- 
rence of pairs of enlarged cells has been mentioned. In many cases, it was 
possible to see the cast-out ring chromosome in the cytoplasm of one of 
these cells but also in many cases, degeneration processes in the cytoplasm 
had advanced too far for such a determination. No ring chromosome was 
observed in the few cells which had mitotic figures but the small ring chro- 
mosome could have been obscured by one of the rod chromosomes so that 
evidence of the homozygous deficient conditions of these cells from direct 
observations of the chromosome constitution was not considered satis- 
factory. 

The numbers of such patches of cells and their distribution in the differ- 
ent roots lend strong supporting evidence for the homozygous deficient 
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Figure 41. — ^Longitudinal section of a root tip of a plant homozygous for Def2 and R2. Note 
the row of very much enlarged (homozygous deficient) cells. Mag. X160. 



Figure 42. — (left) Longitudinal section immediately below the actively meristematic region 
of a root of a plant homozygous for Def 2 and R2. Note the row of four enlarged, degenerating 
(homozygous deficient) cells. Mag. X160. 

Figure 43. — (right) Longitudinal section of a root tip of a plant homozygous for Def 2 and R2. 
Note that there has been a proliferation of cells about the degenerated streak. Mag. X160, 

nature of these cells. They were present in all roots but the frequency was 
variable. In a root in which only one ring chromosome is present in the 
nuclei of the normal cells, a high frequency of such patches should be 
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observed. In this latter case, every loss of the ring chromosome would be 
reflected in a patch composed of two or more such cells. In roots where 
two ring chromosomes are present in many of the nuclei, loss of one ring 
chromosome followed by loss of the second ring chromosome or the very 
occasional simultaneous loss of both ring chromosomes would have to 
occur to produce such a patch. Thus, the frequency of such patches in 
these roots would be considerably less than in the former type of root. 
Since a root could contain but one ring chromosome in its normal cells 
or be a mosaic of one- and two-ring sectors of various sizes, variations in 
the numbers of patches of abnormal, enlarged (homozygous deficient) cells 
in the different roots of the homozygous Def 2 E. 2 plants is to be expected. 

(i) The presence of these patches of abnormal cells only in plants homo- 
zygous for Def 2 R2 and their absence in double-deficient and normal 
plants, (2) the observed presence of the R2 ring in the cytoplasm of one 
of these cells in many cases, (3) the frequency and distribution of these 
patches in different roots, (4) their arrangement in descent, that is, rows 
of two or more, (5) the rapid distintegration of these cells, and finally (6) 
the absence of evidence of homozygous deficient tissues in the mature 
cells of the stalk and leaves of these plants as contrasted with double- 
deficient plants, strongly support the view that they represent the homo- 
zygous deficient cells since such cells must be produced in these plants. 
Since early death is the fate of these cells, it is clear why the leaves of these 
plants are not streaked with modified tissues which could be interpreted 
as representing the homozygous deficient tissues. 

At this point it might be mentioned that a third deficiency (Def3), not 
previously considered in this paper, which is outside the limits of Defl but 
within the limits of Def2 and therefore covered by the R2 chromosome, 
produces the same pattern of homozygous deficient tissues as that ex- 
hibited by the R2 double-deficient plants when the constitution of the 
plant is Def2/Def3/R2. However, in this case, the homozygous deficient 
tissue has an even poorer growth capacity than tissues homozygous for 
the deficiency in the Defl chromosome. To return to the Def2 chromo- 
some, the deficiency is apparently too long, the loci deleted too important 
in cell physiology for survival of cells which are homozygous deficient for 
this region. 

When pollen of plants homozygous for Def 2 R2 is placed upon silks of 
normal bm 1 plants, the progeny should all be variegated for Bm 1 and 
hm 1 except in those cases where the ring chromosome has been lost suf- 
ficiently early in development to be absent from that part of the embryonic 
tissue which produces the visible part of the plant.^ In this latter case, 

® Functional male gametes without a ring chromosome, which would give rise to bml plants, 
mi^t be produced as the result of a loss of the ring chromosome in the second mictospore mitosis. 
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the plant would be bmL The progeny of 13 such crosses totalled 1,829 
variegated to 68 bml plants. To exclude the possibility that this 3.5 
percent of bml plants represented contaminations, 42 of them were ex- 
amined for the presence of the deficient chromosome. In 41 of these plants 
the deficient chromosome was present; one represented a contamination. 

The number of kernels which develop on the ear of a plant homozygous 
for Def2 R2 is always very small, ranging from o to 30 kernels with 
the average about 10. This would be expected since only those gametes 
which possess a ring chromosome are functional. Many of the ears should 
arise from one-ring sectors and others should be composed of both one- 
and two-ring sectors. Since, in the two-ring sectors, the two small ring 
chromosomes frequently do not synapse, of if so, do not remain together 
at the first meiotic mitosis, their elimination in the two meiotic mitoses 
is frequent. Relatively few ovules with eggs containing a ring chromosome 
would be expected and thus only a few kernels should be expected on an 
ear. Since the exsertion of anthers and shedding of pollen is dependent 
upon the presence of a number of well-formed grains in the anther sac, 
pollen collected from such plants usually contains enough functional grains 
(those with a ring chromosome) to produce a complete set of seed when 
placed on silks of normal plants. Since both deficient chromosomes are 
similar, there is no selection in favor of one or the other chromosome either 
through the pollen or eggs. Reciprocal backcrosses of Pr/pr plants give 
I : I ratios. 

VIII. PHENOTYPIC EFPECTS OP ALTERED RING CHROMOSOMES 

As stated in section II, ring-shaped chromosomes not only are lost from 
nuclei during somatic mitoses but also change in size. They may increase 
in size through duplications of segments composing the ring or decrease 
in size through losses of segments. The frequency of such changes depends 
upon the size of the ring chromosome. In the case of the small R 2 chromo- 
some, such changes are relatively infrequent. Cytological examinations of 
large numbers of plants and many nuclei within each plant have given 
abundant evidence, however, of such changes. The R 2 chromosome has 
been seen to increase to approximately seven times its original size and to 
have decreased to several chromomeres. The duplicated segments do not 
result in tissues showing extensive modification. Slight modifications are 
visible with higher multiples resulting in smaller plants with thickened, 
erect leaves. 

In the case of the double-deficient plants, loss of the ring chromosome 


In tHs case, the tube nucleus would contain the ring chromosome and could be expected to func- 
tion normally in pollen germination. Thus, sperm nuclei lacking an R2 chromosome, could be 
introduced into the embryo sac. 



366 BARBARA McCLINTOCK 

results in viable tissues whicb are homozygous deficient for the extent of 
Defl, as shown in the previous sections. This tissue is poor in growth 
capacity, has brown cell walls similar to normal bml, possesses no plastids 
and, on continuous exposure to sunlight this tissue in the leaves dries and 
shrivels. In Defl the four chromomeres adjacent to the spindle fiber at- 
tachment region on the short arm of chromosome V have been removed. 
The R 2 chromosome includes these four chromomeres plus the next five 
chromomeres.^ Should changes in size of the ring chromosome delete one 
or more of the four chromomeres covering the deficiency in Def 1 or frac- 
tions of them, tissues homozygous deficient for sections within the limits 
of the deficiency in Def 1 should result. Since tissues homozygous for the 
full extent of the deficiency in Defl are viable, fractional deficiencies 
within this region might be expected to have even better viabilities and 
should reveal themselves by wider sectors of homozygous deficient tissue 
having a specific modification, this modification should be repeatedly en- 
countered as a sectorial in large populations of such plants. In other words, 
the nature of these sectorials should vary depending upon the fraction of 
the four chromomeres which has been deleted from the ring chromosome. 
The same region should be independently deleted in a number of instances 
and therefore the same type of sectorial should be produced in a number 
of different double-deficient plants. 

A large number of sectorials have been found. These are classified as 
simple mutant sectorials, involving a single recognizable change, and com- 
pound mutant sectorials, which are combinations of the simple mutant 
tj^es. Only those sectorials which are readily recognizable because of their 
good growth capacity are included in this classification. The simple mutant 
sectorials are as follows: (i) transhccmt white (“onion skin”) with colorless 
cell walls, no plastids; (2) opaque white, with colorless cell walls, colorless 
plastids; (3) deficiency-br own-midrib, similar in detail to tissues homozy- 
gous for the bml gene; (4) pink colored tissues with colorless cell walls, 
colorless plastids; (5) blotched chlorophyll pattern. The following t3rpes of 
compound mutant sectorials have been found: (i) pink, deficiency-Jj», 
viable in sunlight; (2) pink, deficiency-Jw, dries in sunlight; (3) opaque 
white, deficiency-fiffj; (4) blotch, dries in sunlight; (5) blotch, deficiency- 
bm, dries in sunlight. The compound mutant sectorials are far more fre- 
quent than the simple mutant sectorials. The summation of the characters 
exhibited by these sectorials is equal to the characters present in tissues 
homozygous for the full extent of the deficiency in Defl, with the excep- 
tion that the tissues with the total deficiency are incapable of growing at 

* Is an est mta te of tho mxoiber of duooioizieres. Tlie cbiomomores io maize appear to be 
cmi^pmmd asd may show more or less in a particular region depending upon the state of contrac- 
tica or the degree of stretchii^ in a particular preparation. 
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a rate whicli will result in a large sector, whereas the simple mutant 
sectorials outlined above more nearly approximate the normal growth 
rate. 

The theory is proposed that the simple mutant effects are due to losses 
of one particular region from the ring chromosome, each mutant effect 
being related to one particular region. The compound mutant effects are 
then produced by losses of several adjacent regions within the ring chromo- 
some. On this theory, a linear arrangement of the mutant effects can be 
referred to the chromosome in the following order: pink, deficiency-6m, 
dries in sunlight and blotch. Translucent white must be removed from 
deficiency-6m and opaque white close to it. The presence of a ring chromo- 
some in the cells of a sectorial has been determined cytologically when the 
sectorial included a part of the tassel. If an altered ring chromosome was 
present in the mutant sectorials, streaks of tissue homozygous deficient 
for the full extent of the deficiency in Defl should appear within these 
sectors through loss of this altered ring chromosome. This is especially 
easy to confirm in sectorials of deficiency-J^ and blotch. 

In double-deficient plants with two ring chromosomes, the same types 
of sectorials are encountered. Here, however, all of the sectors are not 
solid; many of them are variegated. The explanation is similar to vari- 
egated patterns of Bml and bml in plants which have two normal chromo- 
somes V carrying hml and two ring chromosomes carrying Bml and to the 
patterns of homozygous deficient tissues in double-deficient plants with 
two ring chromosomes. One ring chromosome has suffered a deletion. Pro- 
duction of homozygous deficient tissues showing the character of the dele- 
tion can occur only after loss of the second normal ring chromosome. Thus 
the sectorial is a variegate of normal and mutant tissues. Should the altered 
ring chromosome be lost in a somatic mitosis many generations later than 
that which produced the alteration, the tissues resulting after this loss 
will appear as normal one-ring double-deficient tissue inserted into 
variegated tissue since only the one normal ring chromosome is left in 
this tissue. These variegated sectors, mosaics of two types of patterns, are 
frequently encountered in the two-ring double-deficient plants. 

If the theory that the mutant sectorials are due to losses of specific 
regions within the ring chromosome is correct, plants homozygous for 
Def2 R2 should show mutant sectorials similar to those exhibited by 
the double-deficient plants plus a number of types not exhibited by these 
latter plants since the extent of the deficiency in Def 2 includes the same 
four chromomeres plus five more. This has been fully realized. Simple and 
compound mutants of pink, deficiency-Jw, blotch, and opaque white plus 
an additional number of chlorophyll and growth types have been found- 

Should a change occur in the ring chromosome, it should remain un- 
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altered for most of the cell generations and thus should be capable of being 
passed from one generation to the next, provided the original alteration 
occurred in tissues which give rise to the gametes. A female gamete con- 
taining a deficient rod chromosome plus an altered ring chromosome united 
with a male gamete with the deficient rod chromosome and a normal ring 
chromosome would give rise to plants which are complete mosaics of 
normal and changed tissues. The changed tissues should be of the same 
t3T)e in an individual plant. In some cases there should be many female 
gametes in the original plant with this same altered ring chromosome if the 
alteration occurred early in the ontogeny of the ear. Thus there should be 
many individuals in a culture resulting from the outlined cross each 
exhibiting the same type of variegated pattern involving the identical 
mutant characters. This has been realized in one culture. These plants are 
useful for cytological determinations of the nature of the modification in 
the ring chromosome but a detailed account of this will appear in a later 
paper. It is not the purpose of this paper to consider all the evidence 
concerning changed rings and their mutant effects. It is too extensive. It 
is necessary to mention it, however, since a comprehension of the mitotic 
behavior of ring chromosomes would lead one to anticipate the presence of 
such changed rings with phenotj^ic effects. 

DISCUSSION 

The presence of ring-shaped chromosomes and a suggestion aCs to their 
inconstant behavior in somatic tissues was first published by Nawashin 
(1930; see also, 1936) for a single plant of Crepis tectorum. Since this time, 
ring-shaped chromosomes have been found or produced in Drosophila 
(L. V. Morgan 1933; Sturtevant and Beadle 1936; Sidorov, Sokolov 
and Trofimov 1936; Schultz and Catchesede 1937), Trillium (Huskins 
and Hunter 1935), Locusta (White 1935), Pisum (Atabekowa 1936), 
Tradescantia (Husted 1936), Tulipa (Upcott 1937) and Nicotiana 
(Clausen, unpublished). In none of these cases has an intensive cyto- 
logical study been made to determine the mitotic behavior of the ring 
chromosomes. In Zea a number of ring-shaped chromosomes have been 
found (McClintock 1932, 1933, and unpublished; Rhoades and Mc- 
CLiNTOCK 1935; Creighton, unpublished; Cameron, unpublished). In all 
cases studied, the mitotic behavior of these ring chromosomes has been 
similar. Deletions of sectors from the ring, duplication of sectors, additions 
in numbers of ring chromosomes of varying constitutions and total loss 
of the ring chromosome from the nuclei have been observed. In Drosophila, 
phenotypic effects which could be defiinitely ascribed to alterations in 
constitution of the ring-shaped X chromosome have not been described. 
. The chances of detecting such an altered ring chromosome would depend 
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on the rate at which aberrant anaphase figures would be formed. As 
pointed out in section II, the rate at which alterations occur in ring 
chromosomes in maize depends upon the length of the chromonema com- 
posing the ring. Since the primary cause of double-sized and interlocking 
rings, the first step in the production of altered ring chromosomes, has not 
been determined, it is difficult to argue that the behavior found in Crepis, 
Nicotiana (R. E. Clausen, unpublished) and Zea would likewise be found 
in Drosophila. 

Husted (1936) reported double-sized, continuous ring-shaped chromo- 
somes, in some of which the two chromonemata made a half turn around 
each other, and interlocked rings in the microspores of Tradescantia fol- 
lowing irradiation. Such configurations should be expected if, before irra- 
diation, the chromosomes were split and the two chromatids were rela- 
tionally coiled about one another. Although the Tradescantia cases were 
not followed beyond the microspore stage, Husted attempted to explain 
the method by which such figures could be produced throughout the life 
of a plant. The presence of a continuous ring with two spindle fiber attach- 
ment regions or two interlocked sister ring chromatids at somatic ana- 
phase, whatever the method by which it originally arose, would result in 
a chromatin bridge the strands of which would eventually break. Husted 
assumes that each chromosome is split at somatic anaphase. ^^A broken 
end of an anaphase chromatid (caused by breakage of continuous or 
interlocking rings) may unite as often with the broken end of its sister 
as with its other broken end. Ring chromosomes which are continually 
breaking might persist in this way. Whenever the two broken ends of one 
chromatid unite, however, and the two sister strands are not twisted, a 
‘disjunctionaF [two sister halves free to disjoin] ring-shaped chromosome 
would result. There would be a trend toward displacement of the ‘con- 
tinuous’ and ‘interlocked’ types by ‘disjunctional’ rings which separate 
without breaking unless relational coUing of chromatids is increased before 
each union of broken ends” (page 551). The disjunctional rings, once 
established, should remain free from further complications. Such a theory 
of the continuous appearance of double-sized and interlocked ring chromo- 
somes throughout the life of a plant cannot account for the origin of such 
configurations in maize, although it may contribute to some of the cases. 
This arises from the following consideration. In plants homozygous for 
Def 2 and R 2, the two split halves of the ring chromosomes separate freely 
from one another at anaphase I in most of the sporocytes, that is, are 
“disjunctional,” not continuous or interlocked. Thus, the ring chromosome 
in the majority of the spores has been derived from a ring chromosome 
whose two split halves have separated freely in the previous division. As 
seen in section VII, only those gametes which possess a ring chromosome 
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are functional. If Htjsted’s theory of the continuous appearance of double- 
sized and interlocked rings were correct for maize, most of the individuals 
resulting from the cross of normal bml by homozygous Def 2 R 2 should 
be totally Bml through elimination of the cause of loss of the ring chromo- 
somes in somatic mitoses. As shown on page 364, all plants resulting from 
the cross are variegated for Bml and bml. The cause of the interlocked 
or double-sized rings arises anew and is dependent upon the length of the 
chromonema in the ring for its frequency. The primary cause of these con- 
figurations may be related to the occurrence of a crossover between the 
two split halves of a ring chromosome. The high frequency of normally 
disjoining ring chromosomes, even when the chromonema of the ring is 
long, leads one to conclude that the plane of splitting or method of repro- 
duction of a new chromonema from an old, is definitely predetermined 
along a given plane and that trouble might arise only during or after the 
split had occurred at some point of tension or torsion in the chromosome, 
that is, a tension relieved by an interchange of segments at this point, 
resulting in a somatic crossing over between the two chromatids. Unless 
two crossovers occurred in a chromosome, only continuous, double-sized 
rings would result. As noted in section II, there was a high frequency of 
such continuous, double-sized rings as compared to other possible compli- 
cated configurations. The maize chromosomes are too small in somatic 
cells to give a clear picture of the configurations in each cell other than 
in those with simple continuous rings. On this theory, interlocked rings 
could arise (i) after two somatic crossovers in which the second crossover 
did not counteract the first, or (2) following a previous anaphase break 
and reunion of broken ends in which a twist in the chromonema was 
present before the union occurred. In this latter case, it is not necessary 
to asstune that the chromosome is split before union of broken ends occurs 
as interlocked or continuous rings could arise depending upon the plane 
of splitting or reproduction of the chromonema assumed. On this hy- 
pothesis, the proportion of interlocked rings to continuous rings would be 
expected to be greater with large ring chromosomes than with small ring 
chromosomes. Likewise, sister nuclei in these plants should show aberrant 
ring configurations more frequently than sister nuclei in plants with small 
ring chromosomes. 

Since no rod-shaped fragment chromosomes have been observed to arise 
from ring-shaped chromosomes through breakages in somatic anaphase 
and telophases, it has been assumed that union of broken ends must occur. 
Li an effort to determine if two broken ends which enter a nucleus would 
unite, the following experiment was outlined. A plant was made heterozy- 
gous for two inversions on two different chromosomes. The inversions did 
not include the ^indle fiber attachment regions and therefore, should give 
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bridges at anaphase I (or II) and free fragments after a crossover within 
the inverted segment (McClintock 1933; MtiNXZiNG 1934; Smith 1935; 
Richardson 1936; Darlington 1936; Upcott 1937; Sax 1937 and others). 
With normal crossing over, the size of the fragment is constant for any 
particular inversion. In the two inversions chosen, the size of the fragment 
produced by each was readily distinguishable. In many sporocytes of the 
plants with the inversions, two chromatin bridges with their respective 
fragments produced by a crossover in each of the two inversions, were 
present at anaphase I. In most cases, the bridges of chromatin had broken 
by late telophase and the broken ends had been drawn into the telophase 
nuclei. Thus broken ends from two chromosomes entered the same 
nucleus. If fusion of these broken ends occurred, the product of this fu- 
sion should be obvious in some of the second division figures in the cells of 
which two recognizable fragments were present. In maize, the two second 
meiotic anaphase figures are oriented in one plane and thus can be observed 
together. However, the evidence for fusions was negative. It was then 
considered that the broken ends might be too far apart from one another, 
in many cases, to join together before the second meiotic mitosis. There- 
fore, cases of double-crossing over in plants heterozygous for a single 
inversion were investigated. When a four-strand double crossover occurs 
within the inverted region, a double bridge involving all four chromatids, 
and two free fragments of similar size are found in anaphase I. The strands 
composing these bridges break and the two broken ends, lying side by side, 
enter the same nucleus. If fusions of these broken ends occurs in each 
telophase I nucleus, each sister cell in anaphase II should show a chromo- 
some involved in an anaphase bridge. The sister cells to be examined can 
be distinguished by the two fragments of recognizable dimensions. The 
evidence for fusions of broken ends entering the same nucleus was like- 
wise mainly negative in this case. On the supposition that each chromatid 
might already be split in anaphase I and that fusions occurred between 
broken ends of the two split halves of a chromatid rather than between 
the broken ends of each chromatid, anaphase configurations in the micro- 
spores of these plants were examined. Such fusions should give rise to a 
chromatin bridge at anaphase of the first noitosis in the spore (see Sax 
1937)- Upon examination, a chromosome showing a bridge configuration 
was found in a number of spores. By a method which will be described 
in a separate publication, it was possible to show that the spores which 
have a bridge configuration likewise possess a chromosome which was 
broken during the meiotic mitoses. The examinations indicated, also, that 
such fusions probably always occur. Such evidence illustrates, directly, 
the tendency of broken ends to fuse. One would be tempted to use this 
information and transfer the process to the somatic chromosomes. How- 
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ever, the evidence at present indicates that one is not justified in doing so. 
Until the contradictory features of this evidence are completely analysed, 
the author is unwilling to interpret the ring chromosome behavior on this 
basis. 

Viable homozygous deficiencies in Drosophila giving effects similar to 
“genes” known to be located in the region which has been made deficient, 
have been described by Muller (1935) for yellow and achaete, Ephrussi 
(1934), Stern (1935) and Demerec and Hoover (1936) for yellow, 
Sturtevant and Beadle (1936) for scute, Emmens (1937) for roughest- 2 , 
and Oliver (1937) for facet. Viable individuals homozygous deficient for 
a region possessing no known genes have been described by Demerec and 
Hoover. Homozygous deficiencies producing immediate or delayed effects 
in zygotes and embryos, which eventually result in death to the individual, 
have been described by Poulson (1937). As far as the author is aware, 
homozygous deficiencies in plants which simulate a gene known to be 
located in the deleted segment, have been found only in the hml case 
described in this paper. Evidence that the known genes in the Drosophila 
cases might be due to deficiencies in the regions involved, has been given 
only for the gene roughest-2. Simulation of the known gene by a region 
deficient for its locus has been claimed for the other cases and applies 
likewise to the bml case in Zea. It is unprofitable at present to estimate 
to what extent homozygous deficiencies are responsible for known genic 
effects. That some of these may be related to position effects seems pos- 
sible from the accumulating evidence in Drosophila. In how many of 
these cases the factor of a minute deficiency can be eliminated, remains 
to be decided, granting that the presence of a deficiency introduces the 
possibility of a position effect. In the case described in this paper, the two 
independent segments of chromosome V, the deficient rod and the un- 
altered ring fragment, produce effects, with regard to the Bml character, 
which are indistinguishable from that produced by a normal chromosome 
V carrying Bml. The only evidence so far obtained of a “position effect” 
is derived from the appearance of plants homozygous for Def 2 and R 2 
and from the lack of expected transmission through the pollen of gametes 
with Defl R1 or Defl R 2 . In neither case can the factor of a minute 
deficiency be eliminated, the deficiency affecting plant growth in the former 
case and pollen transmission in the latter case. 

The method of producing phenotypic effects by alterations in ring 
chromosomes in plants with two deficient chromosomes plus a covering 
ring fragment, briefly described in section VIH, should prove useful in 
analysing in considerable detail the genetic composition of small sections 
of chromosomes. The effects produced have been ascribed to minute 
homozygous deficiencies rather than to position effects since homozygous 
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deficiencies must be produced by alterations in the ring chromosomes. If 
individual regions within the deficient segment produce particular effects 
independent of their neighbors, combinations of these effects should be 
produced by loss from the ring chromosome of two or more of these regions. 
Since the method by which the ring chromosomes become altered should 
delete adjacent segments from the ring chromosome, an orderly arrange- 
ment of compound effects should result. The order of the particular regions 
within the ring chromosome which have specific effects could be de- 
veloped from analyses of the individual effects contributing to the com- 
pound effects. Since the results obtained so far substantially correspond 
to the requirements of this theory, the notion of a particulate nature 
of the composition of this region of the chromosome has been retained. 
The development of this method of analysing the composition of sections 
of chromosomes has just been started. It would be premature to draw 
rigid conclusions from the results so far obtained. Three deficiencies 
of chromosome V, each of which can be covered by a ring fragment, are 
available for this study. Two of these fall within the range of the third. 
Correlations of results from all three deficiencies should conform to a 
predicted pattern if the above theory is correct. Until the evidence from 
these studies has accumulated, no attempt will be made to force a par- 
ticulate theory of the organization of the chromosome in contradistinction 
to a continuum theory. The former will be retained as a working hypoth- 
esis until the evidence definitely requires a modified view. 

SUMMARY 

I. Two cases of a deficiency adjacent to the spindle fiber attachment 
region in the short arm of chromosome V involving approximately 1/20 
(Def 1) and 1/7 (Def2) the length of the chromosome, respectively, were 
produced by X-ray treatment . The piece deleted in each case formed a 
small ring-shaped chromosome, R1 and R2, respectively. In each case a 
section of the spindle fiber attachment region was removed to the ring 
chromosome and a section was retained by the deficient rod chromosome. 
Since the deficient rods and compensating ring chromosomes possessed a 
functional section of the spindle fiber attachment region, each was capable 
of participating successfully in the mitotic process. The ring chromosome 
in each case carried the locus of Bml (allele of bml, brown mid-rib, pro- 
ducing a brown color m the lignified cell walls). The rod chromosomes 
lacked the locus for BmL 

* 2. Plants with two normal chromosomes V carrying bml (or one normal 

chromosome V carrying bml and a deficient chromosome V) plus either 
ring chromosome are variegated for Bml and bml through frequent losses 
of the ring chromosome from the somatic nuclei. 
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3. Somatic loss of ring-shaped chromosomes is described. 

4. The abnormal mitotic behavior of large and small ring-shaped chro- 
mosomes is contrasted. Large ring-shaped chromosomes frequently change 
in size and chromatin constitution during somatic mitotic cycles. Small 
ring-shaped chromosomes are more frequently lost from nuclei during 
mitotic cycles although changes in size and chromatin content sometimes 
occur. 

5. The frequency of aberrant mitotic configurations of the ring chromo- 
somes, leading to loss or change in size, is related to the length of the 
chromonema composing the ring. The longer the chromonema the more 
frequent the aberrant configurations. With small ring-shaped chromo- 
somes, whose aberrant mitotic configurations usually lead to loss of the 
ring chromosome from the nuclei, the extent of variegation (2 above) is 
proportional to the size of the ring chromosome. 

6. Functional gametes with Defl, Def 1 plus Rl, and Def2 plus R2 were 
obtained. The functional capacities of these two deficiencies with various 
combinations of the ring chromosomes were tested. Some of these were 
functional, others were not. 

7. Plants with Defl/Def2/R2 (R2 covers the deficiencies in the rod 
chromosomes) were a uniform mosaic of tissues heterozygous and homo- 
zygous for the full extent of the deficiency in Def 1 (the smaller deficiency) 
through losses of the ring chromosome during somatic mitosis. The pat- 
terns of homozygous deficient tissues in plants with these two deficient 
rod chromosomes plus various combinations of ring chromosomes (Rl, 
R2, two R2, Rl plus R2, two Rl plus one R2, two R2 plus one Rl) 
have been compared and agree with expectancy on the basis of the cyto- 
logical analysis of ring chromosome behavior in mitosis and the analysis 
of variegation (2 above) produced in plants with these same combinations 
of ring chromosomes. 

8. The homozygous deficient tissues, lacking a locus for Bml, have the 
phenotypic expression oliml m their cell walls. 

9. Plants homozygous for Def 2 R2 have 22 chromosomes in their 
zygotes. Although the chromosome number has been increased, there has 
been no increase in the genome. Losses of the R2 chromosomes during 
development produce cells homozygous deficient for the extent of the 
deficiency in Def 2. These cells are abnormal in appearance and are short 
lived, degenerating before maturity of the surrounding cells. 

10. In plants with two deficient chromosomes and one or more com- 
pensating ring chromosomes, somatic alteration in constitution of a ring 
diromosome is reflected in modified tissues^ having mutational character- 
istics, A number of repeatedly encountered, distinct types are briefly 
described. One type is indistinguishable from normal bml. 
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INTRODUCTION 

T he mechanisms through which sudden changes in genes, that is, 
mutations, are produced have long been of interest to the geneticist. 
In attempting to obtain some insight into the nature of the mutation 
process, two methods of approach have been most commonly employed. 
One of these is the study and analysis of mutations induced by irradiation 
and the other the study of the so-called mutable genes or genes with high 
rates of spontaneous mutation. While there is no factual basis for believing 
that mutable genes differ from more stable ones save in their mutation 
rate, nevertheless there is the possibility that they constitute a distinct 
class in themselves and a,ny conclusions reached about them might not be 
applicable to more stable genes. 

In 1936, the writer described a dotted aleurone character in maize. Since 
that time the character has been studied in further detail and additional 
data obtained which have some bearing on the nature of gene mutation. 
These data show that the ai allele, which has a low spontaneous mutation 
rate in the presence of recessive dt, becomes highly mutable with dominant 
Dt. 

The character dotted aleurone appeared in a selfed ear of Black Mexican 
sweet corn obtained from Dr. L. F. Randolph. The seeds on this ear 
occurred in the ratio of 12 self-colored *.3 dotted: i colorless seed. The 
dotted seeds had small dots or spots of aleurone color which were fairly 
uniform in size and distributed at random over the aleurone layer (fig. i). 
Aleurone color is normally formed only when at least one dominant allele 
of each of the four primary factors, Ai, A 2, C and R, is present. Seeds 
homozygous for recessive ai and possessing the dominant alleles of the 
other three primary genes have colorless aleurone. Strains of this consti- 
tution have been widely used in genetical experiments and are known as 
^i-testers. As far as the writer is aware colored areas in the aleurone have 
never been found in these Ji-tester stocks. An examination of two thousand 
^i-tester kernels with a low power binocular failed to disclose the presence 
of any colored cells. An analysis of the ear on which the dotted seeds 

^ Contribution from the Division of Cereal Crops and Diseases, Bureau of Plant Industry, 
U. S. Department of Agriculture. 
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appeared showed that the 12:3:1 ratio came through the segregation of 
Ai ai and of a new dominant gene Dt which interacted with the recessive 
ai to give the dotted character in three-fourths of the ai class. The colorless 
seeds were homozygous for both and dt. As the dotted class was homozy- 
gous for ai, it would, therefore, normally have colorless aleurone. 

The Dt gene was specific in its effect with ai in that <22, c or r testers had 
colorless aleurone in the presence of Dt, The dominant Dt has been found 
only in the Black Mexican strain. All other strains of maize which have 



Figure i. — ^The dotted aleurone character is shown by all seeds on this ear which came from 
self pollinating a plant of ai ai Dt Dt constitution. Each colored area or dot represents a mutation 
of ai to Ai. The small range in size indicates that mutations of ai occur late in the development of 
the aleurone. 

been tested have carried the recessive allele dt. Black Mexican sweet corn 
is normally homozygous for all the dominant alleles of the four aleurone 
factors and the detection of Dt in this line came through a mutation of an 
Ai allele to Ui. This ai allele is apparently identical with the ai allele found 
by Emerson (1918) which is the source of all the Ui genes found in genetic 
stocks. It has not been possible to differentiate between these two a-i 
alleles on the basis of their interaction with Dt. Both of them produce 
colorless aleurone with dt. 

Emerson and Anderson (1932) found four alleles at the Ai locus. Two 
of them, Ai and Ay'>, give deep or strong colored aleurone, Oi" produces a 
pale colored aleurone while Ui gives colorless aleurone. It was found that 
seeds homozygous for ui*’ occasionally, though rarely, had areas or dots 
of deep color in the pale colored aleurone. However, the frequency of the 
deep colored dots was no greater on seeds with Dt than on seeds with dt. 
It may be concluded, therefore, that the mutability of the ai® allele is not 
affected by Dt. The occurrence of the deep colored dots suggests that Oi*" 
may mutate to Ai but the frequency of such mutation is so low that it 
does not affect the data or the conclusions reached in this paper. However, 
seeds heterozygous for and ai show numerous deep colored dots on the 
pale background if Dt is present. The pale color is obviously produced by 
fli*’ and the dots of color by the interaction of Oi and Dt. 
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As the aleurone is triploid tissue, seeds possessing one, two, or three ai 
alleles may be obtained by manipulating the dosage of the ai gene. (See 
Rhoades 1936.) The mean number of dots per seed for each of the three 
classes was determined. As reported previously, the mean number of 
dots showed a linear relationship with the number of ai alleles present. 
Additional data from several ears are given in table i. As the pale-dotted 
and dotted seeds are borne at random on the same ear, they possess on the 
average identical genetic residua except for possible segregating genes 
linked with the ai locus. The data in table i show that seeds of ai'p ai^ aj 
Dt Dt dt constitution which have one ai gene have one-third as many dots 
as do sister seeds of ai ai ai Dt Dt dt heredity which have three ai genes. 
Similarly ai^ ai ai Dt dt dt seeds with two ai genes have two-thirds as many 
dots as sister at ax ax Dt dt dt seeds with three ax genes. These data indicate 
that increasing the ax dosage results iira proportional increase in the num- 
ber of dots. 

The results obtained when the ax dosage is held constant while that of 
Dt is varied have previously been shown to be non-linear. This conclusion 
is supported by further data but this relationship will be discussed in a 
later section of the paper. 

When the data showing the effect on the number of aleurone dots of 
varying the dosage of ax and Dt were published (Rhoades 1936) nothing 
was known of the mechanism through which the colored cells were pro- 
duced. One possible explanation was that the ax allele, normally stable in 
the presence of dtj became unstable in the presence of Dt and mutated to 
dominant Ax^ Each dot of color then would represent one mutation and 
the number of dots would represent the frequency of mutation while the 
size of the dot would indicate the relative time in ontogeny at which the 
mutation occurred. This hypothesis would account also for the dosage 
effect of ax if it is assumed that the mutations to . 4 1 of the several ax genes 
occur independently of one another. As the Ax gene is known to affect 
anthocyanin formation in other tissues than the aleurone, experiments 
were planned which would determine the validity of this hypothesis and 
the present paper presents the results of these investigations. 

EPFECT OP THE Dt GENE ON PLANT AND PERICARP COLOR 

In his classical study of plant colors in maize Emerson (1921)^ showed 
that purple plant color is conditioned basically by the interaction of three 
dominant factors, Ax^ B, and PL When recessive ax is substituted for domi- 

® Emerson defines plant colors as “colors other than those related to chlorophyll, commonly 
in, but not limited to, such external plant parts of maize as the culm, the staminate infiorescence, 
the husks, the leaf sheaths, and to some extent the leaf blades. In contrast to this group are colors 
and color patterns related to chlorophyll or associated with the pericarp and the cob, the silks, 
the endosperm, the aleurone.” 
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nant Ai, a brown color is produced. (Sando and Bartlett (1922) and 
Sando, Milner, and Sherman (1935) have shown that the purple pig- 

Table i 

Mean number of aleur one dots on seeds with three ai geyies and seeds with two at genes from eight ears of 
crosses at at Dt DtXai ai^ dt dt or aiaidtdtXaiai^ Dt Dt, 


PEDIGREE 

MEAN NO. 

DOTS ON 

at at at Dt 

CLASS 

NO. OF 

SEEDS 

IN 

CLASS 

MEAN NO. 

DOTS ON 

at at a-^ Dt 

CLASS 

NO. OF 

SEEDS 

IN 

CLASS 

2676(1) X25iia 

IS *2 

46 

10. 0 

48 

2500 Xasiib 

9.0 

32 

6.2 

49 

4345(4) X 4344 (i) 

10.2 

152 

6.1 

172 

4345(6) X 4344 ( 7 ) 

7-4 

61 

S-o 

62 

4345 ( 8 ) X 4344 (i) 

5.6 

70 

4.2 

76 

4345(9) X 4344 ( 2 ) 

II -5 

16 

9.6 

19 

434 S(ii)X 4344 ( 2 ) 

3 -S 

39 

2.6 

42 

4345 (i 2 )X 4344 ( 8 ) 

2.9 

20 

1.4 

27 

Observed** 
Theoretical = 

0113: 2 ratio 

8I65.3 

8.16 

8.28 

436 

8|4S.i 

5-64 

5-52 

495 


Mean number of aleurone dots on seeds with three at genes and seeds with one at gene from nine ears 
of crosses at aiP Dt DtXai at dt di or at a^ dt dtXai at Dt DL 


PEDIGREE 

MEAN NO 

DOTS ON 

at at Ot Dt 

CLASS 

NO. OF 

SEEDS 

IN 

CLASS 

MEAN NO. 

DOTS ON 
at aP Dt 
CLASS 

NO. OF 

SEEDS 

IN 

CLASS 

2511 X2500 

11.6 

50 

3-7 

63 

2Siia X2500 

6.6 

43 

2.4 

40 

4344(3)X4345(5) 

23.6 

66 

. 7.0 

62 

4344(4) X4345(6) 

13-3 

59 

3-9 

62 

4344(5) X434S(6) 

29-5 

23 

12.0 

26 

4344(6) X434S(3) 

20.8 

38 

8.4 

35 

4344(8)X434S(i2) 


26 

9.2 

28 

4344(i)X4345(4) 

127. s 

79 

8.3 

83 

4346(7)X434S(4) 

20.3 

55 

6.S 

60 

Observed = 
Theoretical- 
on 3: 1 ratio 

qI 180.5 

20.06 

20.16 

439 

9I61.4 

6.82 

6.72 

459 


meat is the anthocyanidiiij chrysanthemin, while the brown pigment is 
the corresponding flavonol, isoquercitrin.) If the occurrence of colored 
areas in the aleurone of ai Dt seeds is caused by the mutation of ai to - 4 i, 
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we would expect to find on brown {ai B PI Dt) plants areas of purple repre- 
senting tissue descended from cells in which a mutation from ai to A 1 had 
occurred. Therefore, a strain of maize of aiaiB B PI PI Dt dt constitution 
was synthesized. When plants of this strain were self-pollinated there 
resulted a ratio of 3 Dt:i dt seed. Four hundred twenty-six plants were 
grown from seed with dotted aleurone and hence carrying Dt. They had 
the brown pigment characteristic of ai B PI plants but in addition pos- 
sessed from few to many narrow, longitudinal stripes of purple tissue on 
the husks and culms. The stripes were usually small, less than an inch in 
length, but occasionally one 6 to 8 inches long occurred. This small size 
indicated that the mutations to Ax occur relatively late in the develop- 
ment of the tissues. The 150 plants from dt seed had the same brown 
pigment as their ax B PI Dt sibs but no stripes of purple tissue were found 
on these plants. 

The study of the effect of Dt on the mutability of ax in tissue of the 
culm and tassel was confined for the most part to brown plants of ax B PI 
constitution since the brown pigment is distributed throughout the culm 
and sheaths and consequently offers a large area in which to detect mu- 
tations. However, the mutation hypothesis is subject to check in other 
plant color types. Plants of ax h PI dt constitution are entirely green, 
whereas Ax b PI plants are also green except for purple colored anthers 
and some anthocyanin pigment at the base of the culm. A race of ax bPl 
Dt individuals was synthesized. They had green culms and leaf sheaths 
but their green anthers had numerous small purple spots. Occasionally, 
though rarely, an entire anther was colored but the great majority of the 
colored areas were small, as was true in ax B PI Dt plants. No attempt 
was made to find colored sectors at the base of the culm. 

Plants with Ax B pi constitute the sun red class. In this type antho- 
cyanin is found in those portions of the culms, sheaths, and tassels which 
are exposed to light. Plants of ax B pi dt genotype possess no anthocyanin 
but ax B pi Dt individuals had the expected small colored regions in the 
culm, sheath, and anthers. 

From the studies of the effect of Dt on aleurone and plant color it is 
seen that the production of the anthocyanin pigments can be interpreted 
on the assumption that ax becomes unstable in a cell in which Dt is present. 
A further test of this mutable gene hypothesis is afforded by a study of 
pericarp color. Emerson and Anderson (1932) have shown that red peri- 
carp color is produced when the dominant Ax and the dominant P factors 
are present while a brown pericarp color is produced in ax P tissue. Ac- 
cording to our hypothesis, ears on ax P dt plants should have brown peri- 
carp with no red areas but those on ax P Dt plants should have red sectors 
on otherwise brown pericarp. This is precisely what was found. As in the 
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case of the experiments with aleurone and plant color, the size of the red 
sectors was small with the largest red area covering approximately one- 
third of a single kernel. Usually, the red sectors consisted of fine streaks 
running from the point of silk attachment towards the base of the kernel 
in a manner similar to the red stripes of variegated pericarp. In accord- 
ance with expectation no red sectors were found on ai P dt seeds. 

The above data on the production of anthocyanin pigments in the three 
diverse tissues studied cannot be considered as proof of the mutation 
h3Tpothesis even though the data are in agreement with such a hypothesis. 
A direct and conclusive test could be had only if a mutation occurred in 
sporogenous tissue which later gave rise to sex cells, enabling a genetic 
check to be made in subsequent experiments. Fortunately, such a test was 
possible. 

It has been seen that ai B PI Dt plants are brown with purple sectors. 
These purple areas are found in all parts of the plant which normally 



Figuke 2. — A diagrammatic sketch of the three anthers of a single flower on a brown (oi B pt 
Dt) plant. One of the anthers is entirely purple, one is half purple and half green, and the third 
is wholly green. Tests of the constitution of the pollen in purple anthers show that in some cases 
some of the pollen grains have the Ai allele and some have the ai allele. The Ai allele has been de- 
rived by a mutation of the ai allele. 


develop purple color when the plants are Ai B PL Emerson (1921) has 
shown that the purple pigment on AiB PI extends into the anthers if the 
r’* or alleles are present. The ai B PI Dt stock used in these experiments 
had the J?** allele. Not infrequently ai B PI Dt individuals had small purple 
sectors in the tassel. Sometimes (fig. 2) all three anthers of a flower were 
purple but often one anther was purple with the other two either green or 
sectorial. In some of the partly colored anthers one-half of the bipartite 
anther was purple and the other green; in others only a portion of one-half 
was colored with the remainder of the tissue green. Purple sectors of vari- 
ous sizes were found, however, and by far the most frequent class was that 
in which a small area on individual anthers was pigmented. It may be 
reasonably assumed that a mutation which occurred early enough to affect 
all of the cells composing the anther wall might also, in some cases at 
least, affect the sporogenous tissue. If, for example, a mutation from ai 
to Ai occurred in a cell whose descendants comprised the tissue of the 
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anther wall and also the sporogenous tissue within the anther it would be 
expected that one-half of the pollen grains would carry Ai and the other 
half ai, A ratio of i colored :i colorless aleurone would be obtained when 
the pollen from such an anther was applied to ^i-tester silks. Varying 
ratios of colored: colorless seeds would be obtained if part of the sporog- 
enous cells came from the cell in which the mutation occurred and part 
came from non-mutated cells. On the other hand, if there was no cor- 
relation between the genetic constitution of the cells of the anther wall 
and the sporogenous cells, or if the color of the anther resulted not from a 
mutation to Ai but through some effect which simulates such a change, 
no colored seeds would be found when the pollen from purple anthers was 
used in a cross with aiA^C R plants. 

Table 2 

Summary of crosses with pollen from purple anthers occurring on a\ B PI Dt plants. Each purple 
anther listed came from a different plant, TheDi dt pair were segregating so that some of the ears had^ 
in addition to colored seeds, only dotted or both dotted and colorless depending upon the Dt constitu- 
tion. 


COLOR OF ANTHER 

COLORED SEED 

COLORLESS OR 

DOTTED SEED 

TOTAL 

Purple 

5 

7 * 

12 

Purple 

IQ 

iS* 

37 

Purple 

Q2 

74 * 

166 

Purple 

4 

4 

8 

Purple 

2 

49 

SI 

Purple 

0 

173 

173 

Purple 

0 

no 

no 

Purple 

0 

18 

18 

1 Purple 

51 

62 

113 

§ Purple 

II 

8* 

19 

J Purple 

13 

34 

47 

§ Purple 

8 

114 

122 

i Purple 

I 

67 

68 

i Purple 

0 

142* 

142 

i Purple 

s 

53 * 

S8 

Less than \ Purple 

2 

36 

38 


* Only dotted seed. 


In table 2 are listed the numbers of Ai and ai seeds obtained when 
anthers either wholly or partly purple were tested in crosses with ai-tester 
plants. Of the eight purple anthers used five produced seeds with colored 
aleurone. In four of the five cases the ratios suggest the presence of equal 
numbers of pollen grains carrying Ai and a, respectively. This i:i ratio 
is expected if the cell which gave rise to all of the sporogenous tissue be- 
came heterozygous for Ai following a mutation of one of the two ai genes 
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to Ai. The fifth purple anther produced only 2 Ai to 49 ai seeds. The 
deviation from a i : i ratio is too great to be accounted for by errors in 
sampling and indicates that the genetic constitution of the cells of the 
anther wall is not necessarily identical with that of all of the microsporo- 
cytes. This reasoning is strengthened by the fact that three purple anthers 
produced no colored seeds when tested. It would appear that in onto- 
genetic development the separation of the sporogenous and anther wall 
tissue does not follow a precise pattern and that a mutation occurring in 
the ceU giving rise to cells of the anther wall need not necessarily affect 
the sporogenous tissue. If the mutation occurs before the two cell lines 
have separated they will have the same constitution. The results from 
crosses using anthers sectorial for purple likewise show variation in Ai‘.a\ 
ratios and point to a similar conclusion.* The fact that colored seeds were 
produced when pollen from purple anthers was used is proof that ffi had 
mutated to .4 1 in the cells of the tested anther and it follows that the 
anthocyanin color produced in the aleurone, plant, and pericarp tissues 
resulted from similar mutations. 

As individual anthers were used in making the crosses and the amount 
of pollen therefore was limited, the possibility of contamination was in- 
creased. An occasional colored seed might result from this contamination. 
However, the presence, of the recessive mutant genes Igi, y, and su in the 
Dt stocks made it possible to check the origin of the colored seeds. In the 
tests made so far all colored seeds but one were the result of mutations 
to Ai. 

Because the purple anthers were found on plants of ai B PI Dt consti- 
tution the colored seeds produced by crossing with ai-tester stocks gave 
rise to purple Fi plants as they were Ai ai B b PI pi while the colorless and 
dotted seeds produced brown (ai aiB b PI pi dt dt) and brown with purple 
stripes (ai a^B b PI pi Dt dt), respectively. 

Three of the wholly purple anthers came from plants homozygous for 
Dt. In crosses with ai-testers they produced only colored and dotted seeds 
(table 2). The dotted kernels came from a\ Dt pollen and the colored seeds 
from pollen carrying 41 1 and, presumably, Dt unless the Dt gene is altered 
when it induces a mutation of ai to Ai. If no change had occurred in the 
Dt gene the colored seeds were of AiCi Dt dt constitution. However, if Dt 
changes to dt coincidentally with a mutation of fli the colored seeds will 
be 4[i Oi dt dt. Some of these colored aleurone seeds were grown and self- 
poUinated. They yielded self-colored, dotted and colorless seeds in a 1 2 : 3 : i 

* It should be noted that rarely a sell-colored seed is found on selfed ears of ai Dt constitution 
when bulked pollen is used. It seems probable that these self-colored seeds arise from the function- 
ing of a gamete carrying an Ai allele derived by mutation from the ci allde in either the sporoge- 
nons tissue or in the gametophyte. 
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ratio which is in accordance with the results expected from the selfing of 
AiaiDt plants. If no dotted seeds had been produced the colored plants 
would have been Ai ai dt dt and a ratio of 3 colored: i colorless would have 
been obtained. These results argue that no change occurs at the Dt locus 
when a mutation of ai to Ai occurs even though the Dt gene is directly 
responsible for the change in the at allele. 

RELATIVE FREQUENCY OF MUTATION OF RECESSIVE 
ai TO THE ai^ AND Ai ALLELES 

In the determination of the dosage effects of ai the various levels of ai 
were obtained by substituting the ai^ allele for one or two ai genes. It was 
possible to do this because the ai^ allele is not affected by Dt and the 
mutations to Ai from ai are clearly evident on the pale color produced 
by the ai'^ gene. The relative dosage effects of ai would be subject to 
serious error if it were found that the ai allele mutated to ai^ with a con- 
siderable frequency because these changes would not be visible on the 




Figure 3. — The kernel on the left has a Ia~ge area in which is found a smaller, deeper col- 
ored .li dot. As ai mutates both to and --I1 it is probable that one ai gene mutated to ai^ early 
in development and some\^hat later a second ai gene mutated to .li. The rightmost kernel illus- 
trates one of the mutations to .- 1 1 which occur infrequently at an early stage. 

pale background produced by the gene initially present since the in- 
tensity of color produced by one, two or three ai^ genes is not noticeably 
different. It was therefore considered pertinent to determine the frequency 
with which ai mutated to ai^. The dots on 2426 seeds of ai Dt consti- 
tution were examined with a low power binocular. There was a total of 
80,955 of which 80 were ax^ dots and the remainder ^ 4 i dots. The 
distinction between the two classes of dots was clear. The size of the ai^ 
dots varied in the same manner as the dots, that is, they'were usually 
small but occasionally one was found covering a considerable portion of a 
seed. Such a mutation is shown in figure 3 where a pale colored sector is 
shown with an Ai dot clearly discernible in this area. It seems probable 
that in this seed one ax allele mutated to ax^ early in the development of 
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the aleurone and another ai allele mutated several cell generations later 
to ^1 to give the deeper colored spot. 

It is apparent that the conclusions reached on the effects of different 
dosages of the ai allele are not seriously affected by the occurrence of ai^ 
mutations. 

Interestingly enough the ai^ allele has been found only once in the great 
numbers of strains of maize collected in different parts of the world. Appar- 
ently mutations to this allele have occurred infrequently in the past. In 
these investigations the mutations from ai to Ai occurred about looo 
times as frequently as the mutations to ai^. 

There exists a fourth allele, A-^ at the ai locus. The A-^ allele is in- 
distinguishable from Ai in its effect on plant and aleurone color but pro- 
duces a dominant brown pericarp with the P gene. No tests have been 
completed as yet to determine the relative frequencies of Ai and mu- 
tations. There is also a possibility that some of the mutations may be 
to new, previously unknown, alleles. 

As reported in table i of the writer^s 1936 paper Ai aiC R A^ Dt seeds 
have deep self color with no evidence of dots. If ^1 ai ai aleurone was 
lighter than AiAiaiWt would expect in ^1 ai Dt aleurone to find areas 
or dots of a deeper color which would represent cells in which one of the 
Qi alleles had mutated to Ai. However, it has not been possible, at least 
in the writer’s experience, to detect a difference in intensity of aleurone 
color in seeds possessing one, two or three Ai alleles. 

While the ai allele is highly unstable with Dt there is no indication that 
the A I allele derived by mutation from ai is unstable either with Dt or dt. 
Purple plants oi AiaiB PI Dt constitution, the allele being one derived 
by mutation, do not show the brown colored sectors expected if the Ai 
gene mutated back to ai. These observations are not extensive but there 
are, at present, no indications that the Ai mutations from ai are unstable. 
While more data should be had on this point, it can be unequivocally 
stated that if Dt does affect the stability of reverted A % it does so with a 
low frequency. 

GENES MODIFYING THE MUTATION FREQUENCY 

The data in table i show considerable variation in the mean number of 
dots on the kernels from different ears possessing the same genetic consti- 
tution for ax and Dt. It is possible to ascribe these differences to certain 
genetic factors which modify the frequency with which the mutations to 
Ax occur. While it appears likely that various stocks have different sets 
of lesser modifiers certain data were obtained which indicate that a single 
locus exerted a major effect on the frequency of mutation. Selfed ear 
4347-7 was homozygous for ax and Dk The ax alleles in this ear are de- 
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scendants of a common ai allele. The other aleurone genes were homozy- 
gous dominant so every seed on the ear was dotted. The number of dots 
on each of the 154 seeds was determined and the data represented graphi- 
cally as a rectangular histogram. The mean number of dots per kernel was 
3 1. 1. The range was 93. As figure 4a shows, there was an indication of 
bimodality suggestive of a 3 : i ratio for a dominant modifier M which 
decreases the number of dots. To test this hypothesis, kernels were selected 
which had a high number of dots. Theoretically they should be ai Ci Dt 
Dt m m. Seeds with an intermediate number close to the mean of 31.1 
dots were also selected and planted. They should be a\ ai Dt Dt M m. 
Finally, seeds possessing a low number of dots were picked. On the further 
assumption that the M factor only partially inhibits the mutation fre- 
quency and that there is a cumulative effect by increasing the dosage of 
M these seeds should be ai ai Dt Dt M if. Plants from these three classes 
of seed were grown and self-pollinated and the number of dots on each 
individual seed from ears in each of the three classes was determined. The 
seeds in the high class should, on the theory, give rise to offspring with a 
high mean number of dots and should give a unimodal frequency distri- 
bution since they would be homozygous for m. Figure 4b is representative 
of the results obtained with three selfed ears of this class. The mean 
number of dots is somewhat higher than on the parent seed but there is 
no tendency toward a bimodal distribution. Although it was desirable to 
have frequency distributions for additional ears of this class, the amount 
of labor involved in counting the dots on seeds with high numbers dis- 
couraged the accumulation of more data. However, an inspection of the 
other ears of this class indicated that they were of the same type as the 
three which were selected at random for classifying. Likewise, the ears 
from seeds with a low number of dots had uniformly a low average number 
of dots in the offspring and the data when plotted as a histogram showed 
no indication of a bimodal distribution. Figure 4c is representative of one 
ear of this class. They all had a unimodal distribution. Obviously the 
critical class for the hypothesis is the group with the intermediate number 
of dots. Individuals from this group should yield progeny with a frequency 
distribution similar to that obtained for the kernels of the parent ear 
4347-7. Seeds from five ears of this class were classified for dot number 
and the data plotted. Figure 4d is t3pical of the results. They had fre- 
quency distributions closely resembling that of the parent ear. Further- 
more, approximately one-fourth of the kernels fall into that portion of 
the histogram which presumably includes the m m class. 

The difference in the mean number of dots between members of the 
M M class, for example, may be attributed to the action of numerous 
modifying genes whose effect, however, is relatively slight in comparison 
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a^a^BtDtMM a^a,DtDtlim 
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Figure 4. — Frequency histograms showing effect of M and m genes on the mutation rate of ai. 
Number of dots per seed is plotted on the abscissa and the number of seeds on the ordinate. 
Figure 4a represents the data from selfed ear 4347-7 in which the presence of the M and m genes 
was suspect^ from the bimodality of the distribution. The data from selfed ear 4716-1 are shown 
in Figure 4b. The unimodaiity of the histogram and the high average number of dots suggest 
that the m gene is homozygous. The data from selfed ear 4714-23 is illustrated in Figure 4c. The 
homozygosity of the M factor is indicated by the unimodality of the histogram and the low aver- 
age number of dots. Figure 4d from the data of 4715-3 has the bimodality expected upon selfing 
M m plants. 
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to the M m pair. Further work is necessary to prove the existence of these 
lesser modifiers but the material seems admirably suited for such a demon- 
stration. In figure 5 the pedigree of the Mm line is shown. It is not certain 
which parent in the original cross brought in the M ox m alleles. 


4714 


2676 X 
a ttj Dt dt 


2511-A 
a of dt dt 




4347-7® 
Tk Mm 


MAI 


Mjn. 


Figure 5 . — Pedigree of ear 4347-7 in which the presence of the M and m alleles, 
which modify the effect of Dt on ai, was first detected. 


In table 3 the number of dots on each seed planted in families 4714-4716 
is shown in column 2. There was a tendency for the mean number of dots 
on the seed of the progeny to exceed the number on the parental seed. 
Plant 4347-7 was grown under adverse conditions in the summer of 1936 
at Ames, Iowa, while families 4714-4716 were grown imder favorable con- 
ditions in 1937 at Arlington Experiment Farm, Arlington, Virginia. 
Whether or not the environment plays a role in the mutation frequency 
is unknown but these data suggest such a possibility. 

LINKAGE RELATIONS OE THE Dt GENE 

The four primary genes for aleurone color development, Ai, A i,C and 
R, are located in different chromosomes. No indication has been found 
that Dt is linked with Ai, A 2, or R. There are some data which show 
linkage of Dt with C and suggest that Dt belongs in chromosome IX. When 
AiUiC c Dt dt plants are selfed a 36:9:19 ratio is expected with independ- 
ence of the three segregating factors. Previous data of this nature closely 
approached this ratio but the average number of dots per kernel in these 
ears was low so that seeds genot3q)ically Dt might be phenotypically color- 
less or dt. Therefore the test of linkage between Dt and C was repeated 
using a strain in which there was a much higher number of dots. With Dt 
and C in coupling plmse a 9:3:4 ratio is expected with complete linkage 
of Dt and C as contrasted with the 36:9:19 ratio expected with independ- 
ence. There resulted in F2 from the selfing of Ai ai C-Dt c-dt individuals 
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1761 colored: SOI dotted: 792 colorless seeds. The ratio of dotted and color- 
less seeds is far from a 9: 19 ratio and approaches a 3 :4 ratio. Any errors 
in classification should favor the colorless class at the expense of the 
dotted class. The wx gene was segregating in the above ears and gave a 
close fit to a 3 : 1 ratio. Since wx was brought in with c, with which it is 
linked, the excess of Di seeds is probably not due to a failure of a portion 
of the c-it gametes to function. However, if Dt is independent of C the 


Table 3 

Data on average number of aleurone dots per seed from selfed ears of M M, M m and m m constitu- 
tion, The three families are descendants of self ed ear 4347 - 7 , 


PLANT 

NO. DOTS ON 

PARENTAL 

SEED 

INPEREED 

CONSTITUTION 

NO. SEEDS 

COUNTED 

MEAN NO. 

DOTS 

TYPE OP 

PREQUENCY 

DISTRIBUTION 

4714(2) 

12 

MM 

7 S 

16.4 

unimodal 

4714(9) 

9 

MM 

100 

8.8 

unimodal 

4714(12) 

9 

MM 

200 

16.8 

unimodal 

4714(13) 

II 

MM 

75 

II. 4 

unimodal 

4714(14) 

IS 

MM 

75 

19.6 

unimodal 

4714(23) 

IS 

MM 

lOl 

18.9 

unimodal 

4714(24) 

19 

MM 

100 

16.8 

unimodal 

4713(7) 

31 

M m 

158 

31-7 

bimodal 

4715(3) 

28 

M m 

193 

34.4 

bimodal 

4713(22) 

30 

M m 

168 

39*9 

bimodal 

4713(10) 

36 

M m 

124 

38.2 

bimodal 

4715(5) 

31 

M m 

100 

33-8 

bimodal 

4716(1) 

72 

mm 

169 

87.6 

. unimodal 

4716(24) 

68 

m m 

106 

83.9 

unimodal 

4716(3) 

66 

m m 

125 

76.9 

unimodal 


excess of dotted kernels could be explained by a gametophyte factor linked 
with dt. Linkage tests with other genes in chromosome IX, with C homozy- 
gous, will tell if the Dt factor belongs in this group. The Dt gene has failed 
to show linkage with any other tested genes which include from one to 
four members in each of the other nine groups. 

Earlier data which gave a faint suggestion that the number of dots, 
that is, the mutation rate, was influenced by the dosage of C were not 
substantiated by more extensive tests. A similar conclusion is true for the 
R gene. These results are in accord with the mutation h37pothesis. The 
dosage effect of As was not determined but it should prove to be in the 
same category as C and R. 

Self-colored aleurone depends upon the interaction of a set of com- 
plementary factors. This is also true for the dotted character since the 
colored dots are produced only when Oi mutates to Ai and the other mem- 
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bers of the complementary set are represented by a dominant allele. 
A stram was obtained which was ax aiC C RRDt Dt and Ai Bt/ai U. 
Selfed plants of this genotype gave a ratio of 3 dotted to i colorless seed 
since the Ai pair was segregating. The brittle endosperm (bt) gene 
showed 8 percent recombination with the dotted character. This would 
seem to indicate strong linkage between Dt and bt. Actually the linkage is 
between As and bt. As the A 2 allele must be present before mutations of 
fli to Ai can produce the dotted character most of the Bt seeds were dotted 
and most of the bt seeds were colorless. The 8 percent recombination value 
found for Dt and bt is the map distance between A 2 and bt. This example 
of pseudo-linkage suggests that certain linkages found by one investigator 
and not confirmed by another may be due to a similar genetic set-up in 
which one of the characters is determined by complementary genes and 
different members of the set are segregating in the two tests. 

DISCUSSION 

A consideration of the data presented in this paper as they relate to the 
behavior of unstable genes reported by other investigators shows several 
points of similarity as well as difference. Furthermore, these data have 
some bearing on the nature of gene mutation, especially since Gold- 
schmidt (1938) has recently promulgated the revolutionary view that 
mutations are a consequence of position effects. 

It has been held, most recently by Goldschmidt, that mutable or un- 
stable genes constitute a class distinct from stable genes; that their rela- 
tively high mutation rate springs from some peculiarity in their structure 
and, therefore, that any conclusions reached with mutable genes concern- 
ing the nature of gene mutation might not be applicable to the mutation 
phenomenon in general. Inasmuch as mutable genes offer many advan- 
tages for the study of the mutation process it is desirable to ascertain if 
there is a fundamental difference between stable and unstable genes. 

Let us see how the data in this paper bear on this question. The ai 
allele has been shown to be an extremely stable gene when dt is present 
but is highly mutable when the Dt allele replaces dt. The classification of 
the ai gene as mutable or stable depends, therefore, upon the presence or 
absence of the Dt gene. Whether or not the behavior of all so-called mu- 
table genes is caused by a similar genetic situation cannot be stated at this 
time but the definite effect of Dt on the mutation frequency of ai certainly 
suggests that in some cases at least the difference between stable and un- 
stable loci may be more apparent than real and results from the genetic 
environment rather than from some intrinsic dissimilarity. 

Data have been presented in a previous section which indicate that the 
effect of Dt on the mutation rate of ai is influenced by the dominant gene 
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M and that there are also a number of lesser modifying genes. Somewhat 
comparable results have been reported by various workers with unstable 
genes. Demerec (1929) found three genes which affected the mutation 
frequency of unstable miniature-3 alpha and gamma of Drosophila mrilis. 
Demerec also foimd one factor which increased the mutability of minia- 
ture-3 alpha in the germ cells. Emerson (1929), Hertwig (1926), and 
Kihara (1932) have found the mutation rate of unstable loci to be mark- 
edly influenced by the presence of certain genes. These cases may not be 
strictly comparable with the effect of the M gene. Here we have a situation 
where the mutability of the Ui allele is primarily controlled by Dt but 
the influence of Dt on the ai allele is to some extent modified by other 
genes. The a-i allele is stable with dt irrespective of the presence or absence 
of these modifying genes. In the cases cited above the modifiers pre- 
sumably affect the unstable loci directly. 

The evidence that the mutability of certain loci is controlled, at least 
to some extent, by other genes, suggests that the relative mutation rate of 
different loci may differ according to the presence or absence of specific 
modifiers. 

The size of a colored sector carrying . 4 1 is a fair indication of the relative 
time during ontogeny at which the mutation occurred, that is, larger 
colored areas descend from earlier occurring mutations than do smaller 
ones. The mutation rate at all stages of development of any tissue can be 
determined by a statistical study of the frequency with which areas of 
different size are foimd. Such a statistical study has not yet been made 
for the ai gene, but the rare occurrence of large colored regions on dotted 
kernels and the fact that the size range among the aleurone dots is rela- 
tively small (fig. i) indicates that in the aleurone the mutations of ai occur 
predominantly in the later stages of development. The purple stripes on 
the culms and sheaths of brown {ai B PI Dt) plants and the red sectors in 
the pericarp of ai P Dt plants had a size range which indicated that in 
these tissues also the great majority of the mutations occurred late in 
development. If mutations to Ai took place consonantly throughout all 
tissues of the plant irrespective of the ontogenetic age of the different 
tissues we would expect to find many seeds with self-colored aleurone, 
since the culm has completely matured before fertilization, and mutations 
in the sporogenous tissue concomitant with mutations in the culm would 
give rise to groups of colored seeds on the ear. Inasmuch as the three 
tissues mature at different times and mutations occur late in the develop- 
ment of each tissue the possibility is indicated that the physiological age 
of the tissue is in some way concerned with the mutability of the ai gene. 

Mutation rates for various unstable loci have been determined by sev- 
eral investigators. Anderson and Eyster (1928) found that the rate of 
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change of the unstable variegated gene in maize pericarp increases toward 
the end of development of the pericarp. Demerec (1931) found that the 
unstable lavender gene of Delphinium had a high mutation rate in early 
and late stages but had a low rate in intermediate stages. Imai (1934) re- 
ported a similar situation with yellow-inconstant-i and flecked in Phar- 
bitis. Demerec, however, states that the unstable rose gene of Delphinium 
mutates with constant frequency throughout all stages of development 
while, in direct contrast, the reddish-alpha gene of Drosophila virilis 
(Demerec 1928) mutates only at the maturation division in heterozygous 
females. If the mutability of unstable genes is conditioned by a peculiar 
physiological state, it seems that for the several mutable loci the threshold 
value of this state is reached at different stages in development. 

The characteristic direction of mutation of unstable genes is from the 
recessive to the dominant, wild type allele. One exception is found in 
Pharbitis (Imai 1934) where the unstable willow-leaf gene mutates to the 
maple-leaf allele which is dominant to willow-leaf but recessive to wild 
type. Recently Demerec and Slizynska (1937) reported an unstable 
cream allele, at the white locus of Drosophila melanogaster ^ which mutated 
both to the cherry and wild type alleles. The ax allele changes to and 
A I but the frequency of mutation to the Ax allele is a thousand times 
greater than that to In addition to mutating to the wild type allele, 
Demerec found that his unstable miniature genes in Drosophila mrilis 
changed occasionally from one unstable allele to another. Demerec’s 
(1935) citation of the change of the near-self type to dark-crown variega- 
tion in maize pericarp as a case of a mutation of one unstable allele to 
another is erroneous. According to Emerson, the difference between the 
heritable near-self and non-heritable dark-crown types is that in the near- 
self the mutation to red occurs in a sub-epidermal cell which develops into 
germinal as well as pericarp tissue, while in the dark-crown type the mu- 
tation occurs in epidermal tissue and the germ line is unaffected. We have 
obtained no evidence that the ax gene mutates to alleles varying in their 
response to Dt but they would be diflBcult to detect unless they occurred in 
a strain homozygous for all modifying genes. 

As the aJeurone is triploid tissue it was possible to have one, two or three 
ax genes present and the mutation rate was found to be proportional to 
the dosage of ai. This increase in mutation rate with increase in number 
of genes able to mutate is in contrast with Emerson’s results with varie- 
gated pericarp of maize in which he found the mutation rate of the varie- 
gated gene was greater in the heterozygous than in the homozygous con- 
dition. Emerson considered the increased mutability in the heterozygous 
condition to be caused by modifying genes carried in the homologous 
chromosome. A similar result would be expected in the present study if 
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dominant modifiers for increased mutability of a.i were located in the 
chromosome. 

Cytological observations of microsporocytes of plants carrying Dt in 
the heterozygous condition have shown no chromosomal abnormalities. 
An examination of the pachytene stage of plants heterozygous for a domi- 
nant j 4 i allele derived by mutation shows the chromosomes III to be normal 
in appearance. Likewise, chromosome IX of a Dt stock has no detectable 
structural change. The writer is not willing to state that a more intensive 
study might not reveal some minute difference between Dt and dt lines in 
the structure of the chromosomes, but there is no evidence of such at 
present and it can be stated that there are no gross structural differences 
in the Dt and dt lines. Further, there is no difference in the “stainability” 
of the chromosomes in Dt and dt stocks (Schultz 1936). 

As a result of his extensive studies with mutable genes, Demerec has 
advanced the view that changes or mutations in unstable genes are pro- 
duced by a chemical process rather than through some mechanical shifting 
or rearranging of chromatin. He visualizes an unstable gene as one with a 
molecular group in a chemically labile state. Demerec also believes that 
there is no clear cut difference between stable and unstable genes. The 
data on ai and Dt interrelationships show clearly that this latter statement 
is true at least for this one example. Whether or not the ai-Dt data can 
be held to support the theory that mutations of unstable genes are caused 
by chemical processes (for example, changes in the side chains of gene 
molecules) it is reasonably certain that they cannot be interpreted by the 
theories of the nature of variegation advanced by Patterson (1932), 
Stern (1935), and Schultz (1936). The writer does not contend that 
these theories are inadequate to account for specific cases of variegation, 
but it is becoming evident that no one theory can satisfactorily explain 
the diverse types of variegation any more than one theory of gene muta- 
tion can account for all the different phenomena which are categorically 
called mutations. It is true that somatic crossing over (Stern), loss of a 
part of a chromosome carrying the dominant allele (Clausen .1930, 
McClintock 1932, Patterson), are responsible for certain cases of varie- 
gation but account only for the appearance of a recessive character that 
was present in a heterozygous condition. In the great majority of unstable 
genes the direction of mutation is from the recessive to the dominant. 
It is difficult, at least for the writer, to see how any mechanical theory as 
lo^ or rearrangement of chromosome pieces can account for the high 
mutability of ai in the presence of Dt. The following facts seem to negate 
such an e^lanation: (i) There is no visible chromosomal aberration as a 
translocation or ring chromosome in the Dt line. (2) The Dt gene remains 
unaltered when a mutation of oi takes place. On the theory of a rearrange- 
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ment of chromatin involving the ai and Dt loci we would expect a i : i cor- 
respondence between mutations of the ai allele and mutations of the Dt 
allele. (3) The dosage effect of Dt is not arithmetic as was true for the ai 
gene but is exponential. Numerous biochemical reactions such as the 
effect of a change of pH on enzyme activity offer an interesting parallel 
to the effect of changing the dosage of Dt if the possibility is considered 
that the Dt gene produces some chemical substance that accelerates the 
mutation rate of ai and that the amount of this substance produced by 
two Dt genes as compared with one causes the mutation rate to be more 
than twice as rapid. (4) Mutations of ai occur to at least two different 
alleles. (5) The loci of Dt and ai show independence in inheritance. 

It also is difficult to reconcile the above statements with Goldschmidt’s 
view that mutations are position effects. Some dotted strains average over 
200 dots or mutations per seed. On the position effect h3rpothesis every 
mutation of ai represents some kind of rearrangement at or near the ai 
locus. In the high dotted strains this would mean that breakages at this 
locus would be extremely frequent. It is difficult to visualize a mechanism 
by which a gene in one chromosome could produce so many breaks at or 
near a specific locus of another chromosome. Furthermore, unless all re- 
arrangements are of a small intra-chromosomal type, evidence of gross 
structural changes should be found. The data offer no support for the 
position effect hypothesis as the cause of the mutability of ai in the pres- 
ence of Dt. 

The Dt gene increases, apparently, only the mutability of the <21 allele. 
The mutation rates of other loci may be increased but studies made with 
the recessive aleurone genes, ^2, c, and r, and the recessive endosperm 
genes, wx and su^ have shown no effect of Dt on the mutability of these 
loci. The specificity of Dt in affecting only the ai allele is in contrast to the 
results of Demerec (1937) and Plough and Holthausen (1937), who 
reported a general increase in mutation frequency in certain stocks of 
Drosophila where a mutability factor was present. 

SUMMARY 

1. The ai allele is a stable gene in the presence of dt but becomes highly 
mutable with dominant Dt. This pronounced influence of one gene upon 
the mutability of another suggests there may be no fundamental difference 
between stable and unstable genes. 

2. The mutation frequency is proportional to the dosage of the ax gene. 

3. Mutations of ai to the Ai allele occur about a thousand times as fre- 
quently as to the ai^ allele. 

4. Mutations of ax occurred in the aleurone, culm and sheaths, and 
pericarp. The size of the mutated areas indicates that mutations of ax 
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occur late in the development of each tissue. The evidence indicates that 
mutations do not occur consonantly in all parts of the plant. 

5. Certain data indicate the existence of a dominant modifying gene 
which decreases the mutation frequency. 

6. The ffii and Dt genes are not linked. The Oi gene is in chromosome 
TTT and Di may be in chromosome IX. 

7. Cytological observations of the Dt and d( stocks show no evidence 
of gross chromosomal aberrations. 

8. The data do not support the view that mutations of Oi induced by 
Dt result from a position effect. The Dt gene remains unaltered when a 
mutation of ai takes place. 
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I N RECENT years specific evidence has accumulated for the existence 
of genes influencing body size in mice. Green (1931 et seq.) crossed 
two species of mice differing greatly in body measurements m order to test 
for possible linkage between color genes and size genes. He reported asso- 
ciation itt Fs and backcross populations of larger size and the recessive gene 
brown, introduced by the larger parent. Two other chromosomes marked 
with the dilution and non-agouti genes at first showed association with 
larger body size, but subsequent data indicated that the differences were 
statistically significant only as regards the chromosome carrying brown. 
Green concluded that the chromosome bearing this gene also contained 
genes influencing body size. Later (Green i93Sb) data were reported in- 
dicating crossing over between brown and size genes located on the same 
chromosome. 

Castle, Gates and Reed (1936) repeated the experiments of Green 
using different inbred strains of mice. They reported significant differences 
in body length and body weight for brown mice over black mice and dilute 
mice over intense mice. Further studies by Castle, Gates, Reed and 
Law (1936) gave the following interesting results. Brown mice were 
significantly larger than their black sibs by all size criteria used. Dilute 
mice were regularly smaller than their intense sibs. However, unlike the 
previous backcrosses studied, the dilution gene was closely associated with 
the gene for short-ear. Pink-eyed segregates were slightly smaller than 
their normal sibs, although the pink-eye gene was originally introduced 
into the cross by the larger parent. Linkage with size genes seemed to be 
an inadequate explanation for the size differences found in these backcross 
populations. A direct, physiological action on growth by the mutant genes 
studied was the interpretation given. As regards their influence on size, 
brown and dilution were found to have accelerating effects, pink-eye and 
short-ear retarding effects. Only in the case of the dilution and short-ear 
genes, however, was there direct evidence for assuming that these genes 
were themselves influencing body growth. 

The crosses to be reported here were a continuation of the program 
begun at the Bussey Institution. Several objectives were in mind in car- 

* Part of a the^ submitted to the Diviaon of Biology of Harvard University in partial ful- 
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rying out this work. First, an attempt was made to test for genes influenc- 
ing size in the chromosome marked by recessive (piebald) spotting (s) 
and by waltzing (v). Second, further data relating to the association of 
larger body size and brown were desired since indirect evidence suggested 
that this was an effect of the brown gene itself on growth. In one cross 
made in this series, involving the Pincus inbred strain, the chromosome 
bearing brown is introduced from a source different from those already 
tested. In a second cross, using the wild musculus strain, a different genetic 
set-up is used in an attempt to determine the characteristics of this associ- 
ation. Third, the. effects of dilution and short-ear were obtained from 
crosess in which either the chromosome bearing only dilution or the chrom- 
osome bearing both dilution and short-ear closely linked were under con- 
sideration. Backcross offspring segregating for short-ear (free of the dilu- 
tion gene) are considered in this study in the hope of arriving at some 
estimation of the direct influence of this gene. The fourth objective 
relates to a study of the apparent localized effect of the dilution gene in 
the tail region which was reported in a previous study (Castle et al 

1936 II). 

The inbred strains of mice used were the Little (dba), bactrianus, Gates, 
and Japanese waltzing strains described in the previous reports. In addi- 
tion a brown, piebald inbred strain designated the Pincus strain, a wild 
musculus (DBA) strain and an inbred strain of mice homozygous for 
short-ear {se), and extreme dilution (c*), an albino allele, were used. This 
is designated the Snell strain. A close approach to homozygosity is 
expected in all races employed except the last two which unfortunately 
are not as highly inbred as desired. 

Size characters studied were adult body weight, body length and tail 
length measured in the manner described by Sumner (1927). In addition 
tail ring number, number of caudal vertebrae, and length of 15th caudal 
vertebra were used as size criteria in some crosses. 

In backcrosses designed to test for association between size genes and 
specific qualitative genes the segregates are treated separately as to type, 
considering one pair of alleles at a time. For example, aU mice of backcross 
matings carrying the dominant gene black (B) have been compared with 
all recessive brown (6) mice, weighted equally. In like manner, the agouti 
(A) offspring have been compared with all non-agoutis (a), intense (D) 
mice with dilutes (d), etc. Sexes have been treated separately. Differences 
between the means with their corresponding standard errors, along with 
the general trend of the mean differences, have been used as criteria for 
the detection of association. In crosses where the parental strains used 
are nearly the same size, and where the number of backcross offspring 
obtained was comparatively small, the data have been subjected to 
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analysis of variance (after Snedecor 1934). This entails the use of the 
sum of squares of combined data. In this manner the variation traceable 
to specified sources may be segregated. For testing significance between 
classes the mean squares and a standard error derived from the residual 
or experimental error is used. 

cross I 

Backcross of Gates females to males of the Fi (Gates/ Japanese) race 

There are five markers in the chromosomes of the Gates strain of mice 
used in this cross, pink-eye {p), short-ear (^e), dilution (d), brown (6), and 
non-agouti (a). The genes d and se are in the same chromosome and are 
closely linked. Ths race was obtained originally by Dr. W. H. Gates by 
crossing a dilute, pink-eye mouse of Strong’s inbred strain to Little’s (dba) 
strain. In body weight 17 adult males range from 22 to 33 grams, an 
average w’eight of 26.2 grams. 

The Japanese waltzer, which probably originated from the common 
mouse of Central Asia, bears the varietal name of Mus wagneri rotans 
Fortuyn. These mice were homozygous for piebald (5), waltzing (?)), black 
(jB), intensity (D), and non-agouti {a). The average weight of males was 
found to be 17.6 grams and of females 16.8 grams. Other measurements 
obtained from a small number of mice were body length 8.0 cms and tail 
length 8.2 cms. 

The Fi animals were secured from matings of 9 Gates by cT Japanese. 
Heterosis was quite apparent as regards body weight, which forihe com- 
bined sexes was 24.8 grams. Other measurements which closely approach 
those of the larger Gates strain are body length 9.4 cms and tail length 
8.2 cms. 

Since d and se are closely linked there are eight backcross classes, 
brown, black, pink-eye brown, pink-eye black, dilute brown short-ear, 
blue short-ear, pink-eye dilute brown short-ear, and pink-eye blue short- 
ear. 

Comparative size measurements for each pair of alleles under considera- 
tion are given in table i. The results are similar to those obtained by us 
in the reciprocal cross using Fi animals as mothers. Brown is unmistakably 
associated with larger body size as determined by a series of three size 
measurements. Dilute short-ear mice are smaller than their intense, 
normal ear sibs in body weight and tail length measurements. In other 
backcrosses studied dilution was found to be. regularly associated with 
larger body size. The pink-eye gene although derived from the larger 
parent had a tendency to be associated with smaller body size as reported 
in the reciprocal backcross (Castle et al 1936 II). This tendency was mani- 
fested in ail characters studied except body weight in the case of females. 
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In this backcross, using Gates mothers, the association is evident only 
in body length and tail length measurements, whereas greater body 
weight for both sexes is associated with the pink-eye gene. Although the 
sample obtained here is not as large as that reported for the reciprocal 
cross, the data do not clearly indicate a definite association between the 
pink-eye gene and smaller body size. 

CROSS 2 

The 9 Fi (Gates/Japanese) by cf Japanese backcross 

This cross was made in order to determine whether a correlation exists 
between piebald (s) and waltzing (v), located on separate chromosomes. 

Table i 

Comparative size measurements of different phenotypic classes from matings of 9 Gates by o' Pi. 


PHENO- 

TYPE 

MEAN BODY WEIGHT (GRAMS) 


MEAN BODY LENGTH (CM) 


MEAN TAIL LENGTH (cm) 

NO. 

cTc?' NO. 

9 9 

NO. 

cfcT 

NO. 

9 9 

NO. 


NO. 

9 9 

b 

48 

26.82 61 

21.81 

48 

9.51 

6r 

9.13 

48 

7.96 

61 

7.71 

. B 

72 

25.17 62 

21.70 

72 

9.18 

62 

9.10 

72 

7.96 

62 

7.63 

Diff. Means 

I 65±.6o 

.11+ .55 


. 33 ± .09 

. 03 ± .07 


— .02± .09 


.o8± .06 

se 

57 

25.62 61 

21.42 

57 

9.41 

6r 

9. II 

57 

7.73 

61 

7.66 

SE 

63 

26.19 62 

22.08 

63 

9.37 

62 

9.11 

63 

8.02 

62 

7.68 

Diff . Means 

---S 7 ±-S 9 

~.66±.SS 


.04± .08 



— .29± .10 


— .02± .08 

P 

28 

26.23 46 

22.56 

28 

9-34 

61 

9.10 

28 

7.92 

61 

7.62 

P 

92* 

25.81 77 

21.29 

92 

9.41 

62 

9.12 

92 

7.99 

62 

7.68 

Diff. Means 

.42± .61 

x. 27 ± .57 


~. 07 ±.' 

07 

— .02± .06 


-. 07 ± .11 


— .06+ .06 


and specific factors influencing size. Feldman (unpublished) obtained data 
on some Fa and backcross generations which seemed to indicate that 
smaller body size was associated with piebald. Generally, waltzing mice 
are found to be smaller than their normal sibs. 

The mice used were the Gates strain and the smaller Japanese strain 
described in the preceding cross. Fi mice were obtained by crossing 9 Gates 
by <f Japanese. The Fi animals were backcrossed to the Japanese strains, 
using only 9 Fi by Japanese crosses. Some dfficulty was encountered 
in breeding these animals. Thus a regretably small number of backcross 
rnice was obtained, and these were collected over the most part of a year. 

Five size characters were studied. Adult body weight was taken on the 
i 8 ist day. Mice were then chloroformed and body length and tail length 
measurements obtained. The tail was then cleared in KOH and glycerine 
and the number of caudal vertebrae counted. By using a vernier caliper 
the length of the 15 th vertebra was measured to the nearest tenthmilli- 
meter. 
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Table 3 gives the mean adult measurements with the corresponding 
standard deviations as well as the differences of the means. In both sexes 
an almost constant feature is that black animals are largest, followed in 
decreasing order by black piebald, black waltzing, and black piebald 
waltzing animals. In body weight, among the females, waltzers are 6.4 
percent lighter and animals homozygous for both recessives are 12.2 per- 
cent lighter than their normal black sisters. 

In order to make the measurements comparable the total number of 
waltzers {BvvSs and Bvvss) is compared with all normal mice (BVvSs and 
BFm), weighted equally. In like manner, all piebald mice (BVvss and 
Bvvss) are compared with all normal mice (BVvSs and BvvSs), Waltzing 
mice are smaller than their normal sibs in all characters studied, signifi- 
cantly so in body weight and length of caudal vertebrae. 


Table 2 

Influence of particidar genes on body size in the hacker oss to the F\ animals as htdicated by a 
percentage increase or decrease (^) of the average. 




MALES 



FEMALES 


BODY 

WEIGHT 

BODY 

LENGTH 

TAIL 

LENGTH 

BODY 

WEIGHT 

BODY 

LENGTH 

TAIL 

LENGTH 

Brown 

6.30 

3 -SI 

.27 

•SI 

.44 

1.04 

Dilute short-ear 

-2.17 

,42 

-3.60 

“ 3-05 

0 

-.27 

Pink-eye 

1.60 

-.74 

- .89 

5.87 

— .22 

-.79 


Piebald mice are smaller than their unspotted sibs for all characters 
except tail length in males. Here the mean differences in some cases are 
almost negligible, but the same trend is evident. 

If analysis of variance is used, the data may be better analyzed. In this 
manner the entire data are combined, and variance due to known causes 
determined. Known causes of variance in this cross are sex, the genes $ 
and V. For combined data the mean square body weight of non-waltzing 
mice is 19.74 grams and for waltzers 17.25 grams. The mean square 
difference of 2. 49 ±.64 grams gives P=.oi. Values of P are secured from 
Fisher’s tables. The mean square difference between piebald and self mice 
is only .56+ .62. The value of P here is .30. The former is expected to be 
exceeded in random sampling from a homogeneous population only once 
in a hundred trials, the latter thirty times. Since the former value obtained 
is actually less than the one percent point such a value would not appear 
in random sampling even in one percent of the trials, and it is thus highly 
significant. The latter value P=.3o cannot be considered statistically 
significant. 

The mean square differences for body length and tail length in com- 
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paring both waltzing and piebald mice with their normal sibs are as 
follows: waltzers are smaller by .5 5 ±.09 centimeters. This gives P=.oi. 
Piebald mice are smaller by only .03 ±.09 cms. P=.7o which is not 
significant. In tail length, waltzers are smaller by .53 ±.09 cms where 
P==.oi, which may be regarded as highly significant. As regards piebald 
there is no significant difference of the mean squares. 

The question arises as to whether the mean differences obtained are 
representative of true genetic effects of the waltzing and piebald factors 
(or closely linked size factors). The above mean differences, especially 
those observed between waltzers and non-waltzers are relatively large. 
The approximate mean weight of waltzing mice is 17.5 grams as compared 
with a mean weight of 24.8 grams for the Gates strain. The Japanese ani- 
mal is approximately 30 percent smaller. If it is assumed that the dif- 
ference between the mean body weights is determined principally by 
genetic factors located on the chromosome bearing the waltzing gene, 
this one chomosome pair out of twenty accounts for nearly 30 percent of 
the difference in body weight. If such observed results are genetic in the 
sense of being determined by size factors in this chromosome, these must 
necessarily be classed as ^^major” size factors, as are possibly brown and 
dilution, but exerting a contrary effect to these. 

It may be argued that the smaller general body size of the waltzers is 
due to the constant weaving motions of these mice. From periodic weigh- 
ings, however, it was found that the logarithmic increase in weight for 
female waltzers over the two month period, four months to six months of 
age, is .02469 and for non-waltzers .02320. Waltzing males have an increase 
in body weight of .02410, whereas their non-waltzing brothers increase by 
only .00620. Early growth curves were not obtained, but it is evident from 
constant handling of the animals that waltzers are smaller from birth. 

There is the possibility that the recessive genes waltzing and piebald 
have deleterious effects on the growth of the animal. However, brown 
and dilution, which are recessive genes, apparently exert a contrary effect 
on growth. 

In a cross involving these two strains of mice Gates (1926) reported 
that an ^^association system” of chromosomes was formed such that certain 
combinations were found in excess of those expected in independent assort- 
ment. Painter (1927) gave cytological evidence showing that the bi- 
valents formed at the first maturation division in the Fi mice exhibited a 
peculiar behavior. 

The mice used in this cross, although the same as used by Gates, were 
inbred to a greater degree. It is true that the doubly homozygous, pie- 
bald waltzing animals, are generally smaller than the single homozygotes, 
but from the data obtained it can be seen that there is no indication of 
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such an '^association system.” The backcross segregates recorded by 
Castle, Gates and Reed (1936), resulting from a cross of parental 
strains similar to those employed by Gates, showed no significant devia- 
tions from expectation. 


CROSS 3 

The 9 Fi by c?* Pincus Backcross 

This backcross was made in the hope of securing further data on two 
questions of general theoretical interest. First, is the question of whether 
the correlation of larger body size and brown coat color observed by 
Green (1931) and by Feldman (1935) and a similar association involving 
both brown and dilution (Castle, Gates, Reed and Law, 1936) may 
be attributed to the influences of size factors located on the chromosomes 
bearing these markers, or whether these phenomena result from the phys- 
iological action of the color genes per se upon growth processes. 

A second point of interest concerns the chromosome bearing piebald (5). 
In the previous 9 Fi by cf Japanese cross there was some indication of a 
correlation between smaller general body size and piebald. 

The Pincus strain has been inbred, brother by sister, for more than 
twenty generations. Due to the paucity of this stock, adult measurements 
are from small numbers of mice. From the growth curves of Marshak 
(1936) adult weight obtained on the i8ist day is nearly the same for 
both sexes, 23 grams. Mean body length for both sexes combined was 
found to be 10.22 centimeters, and mean tail length 7.92 centimeters. 
Four chromosomes were marked by the following genes, C, a, b, and s. 
Thus genotypically they are CCaabbss. 

The Fi animals used were those described in the first cross, from $ 
Gates by cT Japanese. The chromosome marked by b is derived from the 
larger Gates strain and the chromosome marked by ^ from the smaller 
Japanese waltzing strain. The backcross was made in only one direction, 
using females of the Fi stock and males of the inbred Pincus line. Backcross 
mice segregated into four classes, brown, brown piebald, black, and black 
piebald, 

A total of 452 animals constitutes the backcross population. Size meas- 
urements were obtained over a relatively short period of time, six months. 
Animals were weighed every two months, and adult body weight was 
obtained on the 181st day at which time all other measurements were 
secured. 

By reference to table 4 it can be seen that brown (b) animals are larger 
than black (B) mice for all size measurements. If all the brown males, 
bbSs and bbss are compared with all black males, BbSs and Bbss^ weighted 
equally, the differences of the means are all in favor of the brown mice. 
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Only the difEerences in body weight, number of caudal vertebrae, and 
length of vertebra among the males, and length of 15th vertebra in 
females can be considered of statistical significance, but all are in the same 
direction. 

The results as regards the effects on general body size of piebald (^) 
or closely linked size factors, are not clear-cut. There was some indication 
from the second cross, where s was introduced by the smaller Japanese 
parent, as well as from data of Feldman that piebald mice were generally 
smaller than their normal sibs. If we compare all piebald mice (bbss and 
Bbss) with all heterozygous non-piebald mice (bbSs and BbSs), it is seen 
that among the males piebald mice are smaller for all size measurements 
obtained. These mean differences in some cases are almost negligible but 
aU in the same direction. In the female backcross population piebald mice 
are smaller in only body length and length of caudal vertebra. It is 
e3q)ected that males should provide the most reliable data. 

Upon the assumption that size factors, possibly inhibitory in effect, 
have become associated with the piebald factor in the smaller Japanese 
race, we might expect these to be absent in the larger Pincus strain, or 
through selection this piebald marked chromosome may have accumulated 
size factors favorable to or stimulating growth. If such is the case, the 
piebald backcross segregates in this particular cross should not neces- 
sarily show smaller size, but may possibly be larger than their non-piebald 
sibs. If, on the other hand, the piebald factor itself is physiologically 
influencing growth, this factor should produce the same effect no matter 
from what strain it is derived. From the data obtained it can be seen that 
there is a slight indication that the piebald gene, like the dilution and 
short-ear genes, influences body size. 

CROSS 4 

The 9 Fi wild (Little/wild) by o’ Little backcross 
and its reciprocal, the 9 Little by 
cf Fi wild cross 

In the crosses thus far studied three marked chromosomes have given 
indication of bearing genes having a favorable influence on the growth of 
mice obtained in the backcross generations. Brown mice are larger than 
their dominant black sibs. Dilution mice are likewise larger than their 
dominant intense sibs. Although the dilution effect was somewhat less 
pronounced in body measurements, as compared with the brown factor 
or factors, a more definite favorable effect was noted on tail measurements, 
particularly length of tail and number of tail rings and number of caudal 
vertebrae. This effect must necessarily be spoken of, as apparent, since 
it is not known whether the size measurements used are comparable. The 
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chromosome carrying agouti has not given results that may be considered 
as conclusive as the other two. Green’s earlier work (1931) showed that 
non-agouti mice were slightly larger than agoutis. In a later publication 
(1931b), using the same inbred strains of mice he reports that the agouti 
mice (agouti coming from the smaller parent) tend to exceed non-agoutis 
in size. In a cross already reported (Castle et al 1936 II) we could find 
no consistent influence either on increase or decrease in size. Non-agouti 
females -were larger than males by all three criteria used; body weight, 
body length and tail length. But among the males a contrary relation was 
found. Further studies on three additional size characters, tail ring num- 
ber, number of caudal vertebrae and length of 15th caudal vertebra showed 
that the mice homozygous for non-agouti (which came into the cross from 
the larger musculus race) had a significantly greater tail ring number in 
both backcrosses. 

The parental strains used in this cross were the dba strain of Little 
and a wild (DBA) inbred strain of mice. Unfortunately the latter strain 
is not highly inbred. The wild strain is slightly larger in body measure- 
ments than the Little strain. The measurements obtained from the pure 
Little strain were body weight 23.54 grams, body length 9.70 cms, tail 
length 8.15 cms. For the wild animals these were body weight 24.50 grams, 
body length 9.72 cms and tail length 8.23 cms. These measurements are 
for males and females combined. The Fi animals show heterosis effects, 
being considerably larger than either of the two parental strains. The 
measurements obtained from these Fi animals (males and females) were 
29.40 grams for body weight, 10.41 cms for body length and 8.91 cms for 
tail length. 

This cross involves the same genes as the crosses made by Green (1931) 
and by Castle, Gates, Reed and Law (1936). In those crosses the 
three chromosomes marked by Z), B, and A copae from the smaller bac- 
trianus strain. In the present cross the chromosomes marked by the three 
independent genes come in from the slightly larger wild musculus parent. 
The backcross populations which were made reciprocally comprise 673 
animals. One additional size character has been studied in these crosses, 
namely, tail ring number. The importance of this character in quantitative 
studies was first reported by Fortuyn (1930), although taxonomists have 
long recognized its value. 

In both backcrosses brown animals are larger than the black sibs for 
all six measurements obtained (tables 5 and 6). This is more pronounced 
in adult body weight (i8ist day), body length and tail length. If the 
two backcross populations are combined, males and females, and the 
variance caused by reciprocal crossing, sex and color (in this case, brown) 
is calculated, it is seen by reference to table 7 that brown animals are 
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significantly larger than their black sibs in all size measurements with the 
exception of tail ring number. 

Dilute mice are not consistently heavier or longer-bodied than intense 


Table 7 

Analysis of varia^ice of hackcross progeny from matings of § Fi mild by cf* Little and 
9 Little by cf Fi ’Ofild crosses. 


MEASUREMENT 

VARIANCE DUE TO 

DEGREES 

OE 

FREEDOM 

SUM OF 

SQUARES 

S. D. 

MEAN SQUARE 

DIFFERENCE 

AND P 

Body weight (grams) 

Total 

reciprocal crosses 
sex 

color (brown) 
residual 

672 

I 

I 

I 

669 

12053.71 
16.30 
4379 -SS 
38.80 
7629.25 

3*37 

. 49±-23 

P=.os 


Total 

587 

366.15 

.78 

.20+ .06 

Body length (centi- 

reciprocal crosses 

I 

0.14 



meters) 

sex 

I 

9.18 




color (brown) 

I 

S -38 


A 

b 

M 


residual 

584 

351*45 




Total 

517 

177.2 

•57 

.18+ .05 

Tail length (centi- 

reciprocal crosses 

I 

O.I 



meters) 

sex 

I 

7.9 




color (brown) 

I 

4.2 


P<.OI 


residual 

S14 

165.0 




Total 

504 

921S-0 

4.24 

• 40 ± -37 


reciprocal crossses 

I 

133-6 



Tail rings 

sex 

I 

77-3 




color (brown) 

I 

i-S 


P =-3 


residual 

501 

9002.6 




Total 

426 

1697.4 

1.99 

■ 43 ±-i 9 


reciprocal crosses 

I 

0 



No. caudal vertebrae 

sex 

I 

O.I 




color (brown) 

I 

15-0 


P<.os 


residual 

423 

1682.3 




Total 

424 

46.7 

*33 

.08+ .03 

Length of 15th verte- 

reciprocal crosses 

I 

0 



bra (millimeters) 

sex 

I 

I, I 


V P<-oi 


color (brown) 

I 

•5 




residual 

421 

45*1 




mice. As in other crosses the effect of the dilution gene is apparently great- 
est in the tail region, where significant differences in the number of tail 
rings and number of caudal vertebrae are in favor of the dilute segregates. 
Agouti mice are not consistently heavier than non-agoutis. In the 9 
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Little by o’ Fi wild cross, both males and females are heavier. The other 
mean differences in a positive direction are almost negligible. Females in 
the reciprocal 9 Fi wild by cf Little backcross show a contrary relation- 
ship. All agouti mice are longer-bodied, but again the mean differences 
are too small to be conclusive. Castle (1934), in attempting to locate genes 
influencing general body size in rabbits, and Livesay (1930) working with 
rats, could find no association of the agouti gene with genes favorable to 
general body growth, although in both reports there was some indication 
of their existence. 


Table 8 

Analysis of variance of backcross progeny from matings of 9 Fi wild by cf* Little and of 9 
Little by &Fi wild crosses. 


MEASUREMENT 

VARIANCE DUE TO 

DEGREES 

OF FREEDOM 

SUM OF 

SQUARES 

S.D. 

MEAN SQ. 

DIFF. AND P 

Tail length 

Total 

reciprocal crosses 
sex 

color (dilution) 
residual 

519 

I 

I 

I 

Sib 

III. 4 

.04 

8.38 

.24 

102.74 

•45 

. II± .04 

P< .01 

Number of caudal 
vertebrae 

Total 

reciprocal crosse 
sex 

color (dilution) 
residual 

426 

I 

I 

I 

423 

1902.0 

.0 

.0 

7.0 

1895.0 

2. II 

•Si±.2S 

P<.os 

Number of tail rings 

Total 

reciprocal crosses 
sex 

color (non-agouti) 
residual 

503 

I 

I 

I 

500 

8476.1 

iSS -77 

65.37 

22.72 

8232.14 

4.1 

• 99±-37 

P <.01 


However, agouti mice have a greater number of tail rings if all data are 
combined. Although the cross 9 Fi wild by cf* Little shows a very slight 
trend in the opposite direction, the significant differences of the reciprocal 
cross, which constituted almost twice the number of animals, more than 
offsets this contrary effect. (See table 8.) 

The data obtained from this series of crosses indicate that the brown 
gene acts in a manner similar to the dilution gene in exerting a favorable 
influence on growth. Two separate lines of evidence support the physio- 
logical explanation of this gene per se. In all crosses made, regardless of 
the strains used, brown backcross mice are larger than their black sibs. 
The chromosome carr3dng the brown gene under consideration was intro- 
duced by three different inbred strains, the Little strain, the smaller 
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Gates race, and the Pincus strain. Other crosses made by Feldman (1935) 
and Green (i93Sa) in which still different inbred strains of brown mice 
were used gave similar results. Green intended to show that the brown 
gene was not always associated with genes favorably influencing growth. 
His data show, however, that the brown backcross segregates are indeed 
larger than their heterozygous black sibs. Although the mean differences 
are not of statistical significance, probably because of the small number of 
mice obtained, these results on the contrary add support to the physio- 
logical interpretation. 

Further evidence supporting this assumption comes from two crosses 
representing coupling and repulsion phases. In a backcross involving the 
small bactriantis strain of mice and the larger Little strain the chromosome 
carrying the brown gene came into the cross from the much larger parent 
Castle et al 1936 II). The brown segregates were found to be significantly 
larger than the black sibs. In this backcross the same Little strain contrib- 
uted the chromosome marked by the brown gene, although this strain 
was slightly smaller than the wild strain used as the other parental group. 
Brown backcross segregates were again larger as determined by a series 
of five measurements. 

This evidence does not eliminate the possibility of an extremely close 
linkage between the brown geneand size genes located on the same chrom- 
osome. 


CROSS 5 

The 9 Snell by d* Fi Snell (Snell/wild) backcross 

Data from backcross matings of the Gates and Fi strains indicated that 
the short-ear gene decreased general body size in the presence of dilution, 
even though the dilution gene presumably has a favorable effect on growth 
when separated from the short-ear gene. 

It was possible to obtain an inbred strain of mice homozygous for se 
and for D, This strain, referred to as the Snell strain, was homozygous 
for extreme dilution (^*), an albino allele, and for se. These animals weighed 
approximately 25 grams and were slightly larger than the inbred wild 
strain already discussed in a previous cross. Snell strain females were 
crossed with wild strain males. The Fi animals were somewhat larger than 
either parental race. For 15 animals (males and females combined) the 
mean body weight was 26.28 grams, body length 9.81 cms, and tail length 
8.13 cms. The backcross was made using the Snell race as mothers. Back- 
cross offspring fall into four classes: & se se, se se, Cc^ SE se, and 
Cc^ se se. The intense animals were agoutis and non-agoutis combined. 
Among the extreme dilute animals the agouti pattern could not be dis- 
tinguished. 
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Growth curves obtained from 18 litters of mice show that up until the 
second week of age both short-ear and normal-ear mice are growing at 
the same rate. After the 12th day in females and the 17th day in males 
normal-ear mice are constantly heavier and this difference in weight gradu- 
ally widens (see fig. I and 2). At the five-week period on the integral curve 
the short-ear females are smaller than their normal sisters by i.io± .97 



Figure i. — Integral growth curves for female backcross segregates 
from matings of $ Snell by cT Fi mice. 

grams and short-ear males are smaller by 1 .68 ± 1.20 grams. At the twelve- 
week point on the curve the mean difference in weight for males is 2.16 i: 
1.18 grams and for females 2.91+ 1.55 grams. 

Three measurements taken were adult body weight on the i8ist day, 
body length, and tail length. By reference to table 9 it is seen that the 
short-ear segregates in both male and female populations are lighter in 
body weight. The decrease in weight expressed as a percentage decrease 
of the average is 6.4 percent for males and 10.5 percent for females. The 
mean differences for body length are less pronounced, but in the same di- 
rection. Likewise, the tail is shorter among the short-ear progeny. 
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The trend of the differences of the means for extreme dilute mice as 
compared with their colored sibs is not consistent. 

If all backcross mice, male and female, short-ear and normal ear, are 
combined, the variance due to sex, the short-ear factor, and experimental 
error determined, a comparison of the mean squares should test the sig- 
nificance of differences between the short-ear and normal-ear groups. The 
values of P obtained for all three size criteria used are below the one per- 
cent point (table 10). 



AGS IH WESES 

Figure 2. — Integral growth curves for male backcross segregates 
from matings of $ Snell by cf Fi mice. 

The small amoimt of data secured from Cross 5 does not permit a quan- 
titative estimate of the influence of the short-ear gene. It does indicate, 
however, that this gene produces an effect 3 or 4 times as great in decreas- 
ing general body size than when it is closely linked with the dilution gene. 

In both backcrosses involving short-ear mice the marked chromosome 
was introduced by the larger parent strain, from the Gates strain in Cross 
1 and from the Snell strain in Cross 5. It is diflScult to conceive of the ob- 
served phenomenon resulting from linkage of genes retarding growth with 
the short-ear gene. Rather, the results from these crosses add support to 
the physiological explanation given previously for the short-ear gene. 

The question arises as to whether we are dealing with a set-up which 
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Table 9 

Comparative size measurements of different phenotypic classes of backcross mice from matings 
of 9 Snell (cVe) by cf F\ Snell. 


PHENO- 

NO. SEX 

TYPE 

MEAN BODY 
WEIGHT (gMS) 

S.D. 

MEAN BODY 
LENGTH (CMS) 

S.D. 

MEAN TAIL 
LENGTH (CMS) 

S.D. 

se 20 

25-7i±-73 

3-32±-S3 

9-9S±-r8 

.8o± . 12 

7-96± -41 

1.88+ .29 

SE 21 

27 * 39 ± -92 

4.25+ .65 

10.06+ .25 

1. 17+ .18 

8.i8± .40 

1.87+ .28 

Diff. Means 

— i.68±i.i7 


-.ii±.38 


— .22± .56 


20 cf® cf 

26.44± .86 

3.87±.6i 

10.03+ -24 

1.09+ . 17 

8.i3± .44 

1.98+ .32 

C 21 

26.70+ .84 

3-89±.S9 

9 - 99 ± -21 

•97±-iS 

8.oi± .39 

1 .80+ .27 

DiE. Means 

— . 26 ±I.I 2 


.04± .32 


.I 2 ±.s 8 


se 21 9 9 

20.23+ .61 

2,81+ .43 

9 - 33±-28 

I.29± .19 

7-49± -44 

i. 99 ± .30 

SE 21 

23.22+ .62 

2.86± .44 

9.69+ .29 

I -31 ± .20 

8 . 13 ± -32 

i.48±.23 

Diff, Means 

— 2.29+ .86 


-•36±.39 


- M ± -34 


c** 20 9 9 

20.58+ .70 

3.i8± -SO 

9-39±-27 

I . 20 ± .19 

7-72± -45 

2.05± .32 

C 22 

22.28± .54 

2.SS±-38 

9-63± -23 

i.28± .19 

7-92± .36 

i.7i± .25 

Diff. Means 

— 1.70+ .89 


-•24±-37 


” .20± .58 



will give results easily interpreted concerning size inheritance. The short- 
ear gene, along with another tested gene, waltzing, may be deleterious in 
effect and possibly should not come under the classification of size genes. 
Other effects are known to be produced by the short-ear gene per se. 


Table 10 

Analysis of variance of backcross progeny from matings of 9 Snell by cf Snell. 


MEASXntEMENT 

VARIANCE 

DEGREES OP 

SUM OF 

S.D, 

MEAN SQ. DIFF. 

DUE TO 

FREEDOM 

SQUARES 

AND P 


Total 

77 

1429.9 

3-37 

2.44±-76 

Body weigEt (grams) 

sex 

I 

464.9 




short-ear 

I 

II4.7 


P<.OI 


residual 

75 

830-3 




Total 

76 

i 6 .o 

•37 

. 52 + .09 

Body length (centi- 

sex 

I 

4.9 

meters) 

short-ear 

I 

1.2 


M 

0 

V 


residual 

74 

9.9 




Total 

75 

29.4 

•58 

•44±-i3 

Tail length (centi- 

sex 

I 

1-3 

meters) 

short-ear 

I 

3-5 


P<.OI 


residual 

73 

24.6 
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Gates (1926) remarked that it produced morphological variations of the 
head and skull, and also pointed out that general body size seemed to be 
affected. Snell (1931) showed that kinky tail was an effect of this gene. 
A morphological study showed that there was a proportionate increase in 
width of brain case, and a reduction in height of the rostrum in short-eared 
mice as compared with normal sibs. The writer (unpublished) has also 
found that backcross mice homozygous for short-ear are much more sus- 
ceptible to Salmonella aertrycke than are their normal sibs. 

If the short-ear gene may be spoken of as a size gene, it is a major size 
gene, as are brown and dilution, but produces a contrary effect. There 
are two reasons for assuming this. First, the observed mean differences 
between the short-ear and normal-ear segregates are great, whereas the 
parent strain differed only slightly in body size. Second, the effect was 
evident from a comparatively small backcross population. 

THE SIZE CHARACTER, TAIL RING NUMBER 

In 1931 Fortuyn crossed two inbred strains of mice differing greatly 
in tail ring number. These were the C58 strain with a low tail ring number 
and the Stoli strain having a relatively high number. The Fi was exactly 
intermediate between the parental groups, but backcross mice showed 
practically the same variability as the parental groups. It was suggested 
that linkage of factors influencing tail ring number with color factors 
might account for this. At that time no particular attention was paid to 
the different combinations qf color factors obtained in the backcross. 

This size character was included in the crosses made for various reasons. 
It was noted in earlier studies (Castle et al, 1936 I and II) that there was 
an apparent association between dilution and tail length. This seemed a 
good character for study since there was found a relatively high correla- 
tion between tail length and tail ring number (r = .39+ .06). Furthermore, 
Fortuyn (1934) had reported some interesting results regarding the in- 
heritance of this character. He reported that the inheritance of tail ring 
number behaved much like a case of segregation for a single pair of auto- 
somal factors. Later Fortuyn (1936) reported that there were modifying 
genes in the Y chromosome, since in segregation of the basal autosomal 
factors dominance of the high tail ring number was incomplete, and segre- 
gation in the F2 was less pronounced than in typical cases. This suggestion 
was also adduced from the fact that in reciprocal crosses a significant dif- 
ference was found between the male backcross populations. 

Backcross mice of the following crosses were used for a study of tail 
ring number: i) 9 Fi by c? Little (dba) and its reciprocal, 2) $ Gates by 
cf Fi, and its reciprocal, 3) 9 Fi bactrianus by Little and reciprocal, 
and 4) the 9 Fi wild by c? Little and its reciprocal. Previous studies on 
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Cross I were reported by Castle, Gates and Reed (1936) and for Cross 3 
by Castle, Gates, Reed and Law (1936). The Fi animals from Crosses 
I, 2 and 4 were obtained by crosses of $ Gates by cf Japanese. The Fi 

Table ii 


Infitmice o] the dilution gene {d) on the character tail ring number in various size crosses. 


CROSS 

SEX 

NO. TAIL 

NO. PHENOTYPE 

RINGS 

% INPLUENCE 
OF DILUTION 

DIFF. 

ME;»SURED 

MEANS 

BY INCREASE 

OF AVERAGE 

WEIGHTED 

MEAN 

i) 9 Fi by cf Little 

9 9 

9 9 
&& 
cTd* 

32s 

34 S 

281 

276 

D 

d 

D 

d 

i 5 t- 6 ±i-S 

iS 7 - 4 ±i -3 

iS 4 - 7 ±i-o 

iS 6 . 4 ±i-i 

5 - 8 ±i .9 

i. 7 ±i-S 

3-82 

1.09 

2.69 

9 Little by cf Fi 

9 9 

9 9 
cTcT 
cTd* 

46 

41 

26 

36 

D 

d 

D 

d 

146.6+1 .4 
149.8+1.4 
146.4+1.6 
iSi* 3 ±i -7 

3 - 2 ±i .9 

4 - 9 ± 2.3 

2.19 

3-36 

2.72 

2) 9 Fi by cT Gates 9 9 

9 9 
cfc?* 
cfcJ* 

41S D-^-SE (linked) 93 . i ± . S3 
397 d^-se 94 - 3 ±-S 2 

423 D-\-SE 93. 9 +.63 

396 d+se 95 * 7 ± -56 

1.2± .74 

i. 8±.84 

1.90 

I-2S 

1.29 

3) 9 Fi hact. by cf 
Little 

9 9 

9 9 
cf d* 
cfd’ 

iSi 

142 

144 

135 

D 

d 

D 

d 

9 S- 6+.44 
98.9+ -35 
93 - 4±-48 
96 . 4±,43 

3 - 3 ± -56 

3 . 0+.64 

3 '43 

3-23 

3-33 

9 Little by c? 
Fi hact. 

9 9 

9 9 
cfcf 
d’<f 

63 

64 

82 

79 

D 

d 

D 

d 

109. o± .64 
no. 3+ .71 
io8.s± .61 

III. 2+ .69 

i- 3 ±- 9 S 

2 . 7 ±- 9 * 

1. 19 

2,49 

1.78 

4) 9 Fi wild by c? 
Little 

9 9 

9 9 
cfc? 

57 

58 

46 

41 

D 

d 

D 

d 

i 49 -i± -50 
156. 3 ±. 45 
148.4 ± .66 
xSo . 6 ± .53 

7.2 ± .67 

2.2±.8S 

4-83 

1.48 

3*31 

9 Little by c? 

9 9 

80 

D 

I 48 . 4 ±- 5 o 




Fi wild 

9 9 

84 

d 

150.9+ .48 

2 . 5 ± . 69 

1-75 



cfcf 

75 

D 

146.1+ .47 



1.59 



61 

d 

148.2+ .50 

2 . 1 + . 70 

1.44 



bactrianus animals were obtained by crossing ? Little by bactrianus. 
These along with the bactrianus strain were described by Castle et al 
(1936 n). 

Comparison of dilute (d) and intense (Z>) backcross animals in the four 
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crosses described shows an apparent localized influence of d in the tail 
region. In all backcrosses and their reciprocals the dilute mice have a sig- 
nificantly higher number of tail rings. This holds true even in the 9 Fi 
by cf Gates cross where d is closely linked with se. In Cross i it was appar- 
ent that se exerted a contrary negative influence on growth as determined 
by a series of body measurements, evidently outweighing the dilution 
effect. In the tail region it seems that dilution outweighs the short-ear 
effect. 



Tt mrRgR 07 7AILRXS6S 

Figure 3. — Frequency polygons for the size character tail ring number 
in the parental, Fi, and backcross generations. 


These results are expressed as percentage influences of dilution as meas- 
ured by an increase over the average (see table ii). 

In all crosses studied brown mice are larger than their dominant black 
sibs as regards body measurements, as well as in number of caudal ver- 
tebrae and length of 15th vertebra. There is no apparent association be- 
tween the brown factor and number of tail rings in the crosses studied. 

There is some evidence that the chromosome bearing non-agouti {a) 
carries factors influencing the growth of tail rings. In the 9 Fi bactrianus 
by cf Little cross and its reciprocal, where the chromosome carrying a 
was introduced by the Little parent having the greater tail ring number, 
both males and females have a significantly higher tail ring number. In 
the cross of 9 Fi wild by o’ Little and its reciprocal, where a was intro- 
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duced by the smaller parent, non-agouti males and females have a signifi- 
cantly lower mean tail ring number. 

There can be found no support for the hypotheses of Fortuyn. Two 
lines of evidence indicate that tail ring number does not behave in a man- 
ner suggesting segregation of a single pair of autosomal factors. First, 
there is indication that factors favorable to the growth of tail rings are 
to be found in two or more chromosomes. Second, the backcross frequency 


Table 12 

The size character, tail ring number, in reciprocal crosses. 


csoss 

NO. 

MEAN 

NO. 

MEAN 

9 9 

DIFF. MEANS 

(sex) 

9 Fi by d' Little 

62 

149.28+1.60 

87 

148. 31 ±1.40 

.97+2.12 

9 Little by cf Fi 

557 

155.46+1.20 

670 

iS 4 -SS±i-io 

. 91 ±I .62 

Diff. IMeans (cross) 


6.18+2.00 


6.24+1.78 


9 Fi bdci, by cf Little 

279 

94.81 ± .28 

293 

97.21+ .36 

2.40± .47 

9 Little by Fi bad. 

163 

109.8 ± .67 

127 

100.7 ± .53 

O.I ± .85 

Diff, Cleans (cross) 


iS-o + .73 


12.5 + .65 


9 Fi by (f Gates 

81S 

93-69± .83 

59 

94 . 74 ± .82 

I.05±1.22 

9 Gates by cf Fi 

819 

108. 40 ± .59 

56 

106.4 i .66 

2.0 + .88 

Diff. Means (cross) 


14.71 + 1.06 


11.66+1.09 


9 Fi (wild) by cf Little 

136 

149-2 ± .75 

164 

152.4 ± .70 

3.2 ±1.01 

9 Little by cf Fj (wild) 

87 

147-0 ± -58 

115 

148.6 ± .55 

1.6 + .79 

Diff, Means (cross) 


2.2 + .94 


3.8 + .89 



curves ^ve no suggestion of bimodality (fig. 3). Likewise, the variability 
of the backcross generation over the parental strains is great. Also there 
is no evidence to support Foetxtyn’s suggestion of modifying genes in the 
Y chromosome. 

From table 12 it can be seen that there are significant differences be- 
tween male backcross populations in reciprocal crosses, but like differences 
are to be found between the female populations. Apparently this is a dif- 
ferential maternal effect. The mother having the highest tail ring number 
always produces offspring having higher tail ring number. If any differen- 
tial effect of the Y chromosome is patent, male backcross offspring pro- 
duced by the Fi mothers in crosses i, 2 and 4 should reveal this effect. 
Evidently this is not the case. 
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SUMMARY 

A series of crosses was made using inbred strains of mice of known geno- 
types in the hope of obtaining further evidence concerning the nature of 
size genes. 

Cross I, a backcross between the Gates strain of mice and an Fi pro- 
duced by crossings of 9 G ates by cf* Japanese mice, the reciprocal cross 
of one previously reported (Castle et al 1936 II), indicates that the asso- 
ciation between pink-eye and smaller body size may not be a genuine 
phenomenon. 

Brown backcross mice in two separate backcrosses are regularly larger 
than their black sibs, illustrating the same association reported by pre- 
vious authors. In Cross 4 the chromosome carrying the gene for brown 
coat color came into the cross from a slightly smaller parent strain whereas 
in previous crosses the brown parent, although from the same strain of 
mice, was larger. The evidence from coupling and repulsion experiments 
along with the fact that all strains of brown mice so far tested have shown 
association between the brown gene and larger body size, suggests that 
the brown gene itself is influencing general body growth, simulating in 
action the dilution gene. 

Backcross mice segregating for the short-ear gene are distinctly smaller 
than their normal ear sibs. A quantitative estimate of the effects of the 
short-ear gene could not be made, due to the small number of backcross 
mice obtained, but it is indicated that this gene is more influential in re- 
ducing size than the brown gene is in stimulating growth. 

There is some indication that size genes making for smaller body size 
are to be found in the chromosomes marked by the piebald and waltzing 
genes. 

The dilution gene has an apparent localized influence imthe tail region. 
Data from separate backcrosses, with their reciprocals, show dilute mice 
to have a consistent and significant higher tail ring number than the in- 
tense sibs. An influence of the dilution gene was also noted as regards 
the growth of caudal vertebrae. 

There could be found no evidence in support of Fortuyn^s hypothesis 
that tail ring number behaved as though determined by a single pair of 
autosomal genes, nor of his hypothesis suggesting the presence of genes 
in the Y chromosome modifying the expression of this character. 
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A definite maternal effect was patent as regards the inheritance of tail 
ring number. 
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INTRODUCTION 

D OBZHANSKY (1934) has described effects on crossing over and 
disjunction of duplicating fragments of the X chromosome of Dro- 
sophila melanogaster. He has found that fragments partially suppress cross- 
ing over between the entire X’s and that the effect is correlated with the 
length of the fragment. Some of the fragments were free and controlled 
by their own spindle fiber attachments and some others were attached to 
an entire X chromosome at the spindle fiber end. 

Duplication loo described here differs in length and in composition 
from those described in Dobzhansky’s study; the results are thus largely 
an extension of his results. The study was undertaken especially for a 
comparison of the effects of the same fragment in both states, when free 
and when attached to an entire X. Some effects of a Y chromosome in 
different combinations of two X’s and the fragment have been observed. 

MATERIAL 

The duplication arose spontaneously in an apricot male which was 
mated to an attached-X yellow female. It was found, December, 1922, as 
a single not-yellow daughter, sister to the numerous yellow daughters. 
As in similar duplications, which have frequently been obtained later by 
irradiation of males, the X derived from the male was a deficient chromo- 
some; it contained a distal and a proximal section and lacked the middle 
section of a normal X. In this case the deficient sperm had fertilized an 
XX egg in which the attached X’s both carried the gene for yellow; the 
extra fragment, that is, the duplication, carried only wild type alleles, 
consequently the duplication female was not-yellow. The formula is 
XXX **^ (fig. I a). When the not-yellow female was crossed to an apricot 
male the duplication-bearing daughters received a Y chromosome from 
their father and were therefore XXX^'^Y (fig. i b). 

One not-yellow daughter of the original duplication female differed 
from the others in that the fragment had become attached to one of the 
whole X chromosomes received from the mother; she had received her 
second X from her father. The formula isXXXp** (fig. i c). A chromosome 
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having a fragment attached to it would have resulted if crossing over had 
taken place betvreen the proximal section of the fragment (X^) and one of 
the attached X’s. Such crossovers continued to occur rarely in the at- 
tached-X duplication stock (XXXp'^Y), and the attached-duplication 
lines derived from them are known as Dp (i;i) 100. A small percentage 
of XKXp^Y females (fig. i d) regularly occurs in these lines. 

A fifth combination of the X homologues arose when an egg carrying 
the free duplicating fragment was fertilized by a rare type of non-dis- 
junctional sperm carrying two paternal free X^s. The formula is XXXp^ 
(fig. I e) ; the line is Dp (i ;f) 100. The two X chromosomes in figure i e 
are marked with the S3anbols denoting mutant loci used in studying 
crossing over, to be described in detail below. 



a.XXX'’** b.;(XX’^*^Y c.XXx'’‘*(i;l) d.XXX’^'^Y 


^ cv y f(B) 

e-XXXP** I 2 3 - 4 5 6 7 8 

(l;f) y ec ct s car 

Figure i. — Diagram representmg the sex chromosomes (short line for or fragment, 
long line for X and hook for Y) in females of lines of Dp-ioo. Symbols for mutant characters 
used in crossover experiments and the numbers of the regions delimited by the mutant genes are 
entered in e. 

From the Dp (i;f) line, in which the X’s are not attached and the 
fragment also is free, it has been easy to determine genetically the extent 
of the deficiency of the fragment by observing the character of females 
carrying X's homozygous for mutant genes, and the wild type fragment. 
The distal section of the fragment (X*^) carries normal alleles of seven 
tested mutant characters (y, ac, sc, svr, sta, br, pn) from yellow to prune 
inclusive. The proximal section (X^) carries normal alleles of fused (fu), 
carnation (car) and bobbed (bb). The fragment was found to be deficient 
for 1 6 tested loci in the middle of the chromosome including white to out- 
stretched, vibrissae, small-eye and probably Beadex (Bx), There are ex- 
aggeration effects produced in achaete, facet and Beadex. Bar (B) eyes 
are narrower in duplication females whose X’s are homozygous or heter- 
ozygous for Bar than they are in the respective non-duplication sisters, 
and also the eyes were very narrow in the few surviving duplication Bar 
males that have been observed. 
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The fragment is nearly always lethal in males. The rare survivors have 
been omitted from the tables. Females carrying the fragment show somatic 
effects of X chromosome duplication described by other authors such as 
narrow wings having straight outer margins and sometimes nicked or 
very serrated inner margins and tips. In extreme cases less than half of the 
wing remains, deeply indented. Dobzhansky and Schultz (1931) found 
that intersexes carrying Dp- 100 are of extreme female type, even breeding 
as female in one case of five that were tested. 

Cytological preparations of obgonial cells have shown the duplication 
both in the attached, and in the free condition when the X’s were free or 
attached. Dobzhansky (1932) measured the fragment in metaphase plates 
of oogonial divisions and found it to be about two-thirds of the length of 
an X, never as much as three-fourths. The measurements showed that the 
distal section of the fragment in metaphase plates comprises somewhat 
less than one-third of the length of the fragment. Measured by locations 
of genes on the salivary chromosome map, the proximal section of the 
fragment is about once and a half times as long as the distal section and 
the whole fragment is less than one-fourth of the length of the whole chro- 
mosome (fig. 2). 

In an experiment (not used in this study) with a line of free X’s and 
the fragment free (XXX^^), two female mosaics and two gynandromorphs 
were observed, and in a line of attached X’s and free fragment one female 
mosaic was observed. They can all be explained by somatic elimination ; 
in one gynandromorph both an X and the fragment had been eliminated 
together or at two different divisions in the formation of the male region. 

CROSSING OVER BETWEEN ENTIRE X CHROMOSOMES 

Frequency of crossing over has been studied in the two forms of the 
duplication in which the two entire X's are not attached to each other, 
that is, in the XXX^*^ line, Dp (i;f) 100, and in the XXX^*^ line, Dp(i;i) 
100, and also in the latter line when a Y was present (XXX^^^Y), (tables 
6-10, Appendix). 

Females of the constitution v fly ec cfs car were mated to 

y ec cv cf v s^f car h¥ (yXp) males, in alternated testcrosses, or were out- 
crossed to males marked by 5 ; in experiment 7, one X was marked with 
B instead of/, and with Ih to delimit the eighth region. Sisters of the dupli- 
cation females were used as controls. In the/i;i) line the duplicating frag- 
ment was attached to the y^ cv v f chromosome. In the crossover experi- 
ments and in all others to be reported the entire X^s of the duplication 
females have carried yellow (or y^); consequently when they were mated 
to males that were y or y^ the character not-yellow was an indicator of the 
presence of the fragment, except when exchange between X and the distal 
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section of the fragment (X-*) had taken place. Such X^/X crossmg over 
has been observed only in a few males and in two females (in experiment 
7) which were not yellow but were carnation or bobbed showing that the 
fragment (X”) was not present. 

In testcrosses and in outcrosses of the line of the free fragment (XXXi”^) 
females that were / but were wild type at other marked loci had been 



Figure 2. — Relation of percents of crossing over, in 8 regions between the two entire X 
chromosomes in Dp-ioo, to percents from controls (vertical axis) plotted against the salivary chro- 
mosome map (longitudinal axis). Relative positions of mutant genes on the chromosome (accord- 
ing to Maceenson and Bridges) are marked by the symbols for the mutant characters (those 
in parenthesis have not been precisely located) . The extent of the duplicating fragment is indicated 
by hori2X>ntal lines extending over the loci included in the distal and proximal components of the 
fragment. The fragment was free in experiments. 3+5 and 7 and was attached to the proximal 
end of an X in experiments 1 and loa; a Y chromosome was also present in experiment loa. 
In experiment 3-i-Si ^^ilf of the crossovers between the proximal section of the fragment and 
X were included in region 7. 

derived from XX eggs fertilized by Y sperm. In outcrosses of the line of 
attached fragment occurred wild type duplication females which were 
derived from X XX ^^ egp fertilized by Y sperm. These two types may for 
convenience be called “exceptional females.” They occur regularly (as 
do “exceptions” from XXY females from which the term is borrowed) but 
they are exceptions in the ^nse that they form much smaller classes than 
the females from X, XX^ or XX*"* eggs. 
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The term "percent of crossing over’’ is used to denote the percent of 
times that crossing over has occurred among total chromatids represented 
by observed zygotes, and not the percent obtained directly from observed 
regular zygotes. This method has been chosen because all of the chroma- 
tids are involved in the mechanism of crossing over. Hence the percents 
of crossing over have been reckoned as of a total that includes the chro- 
matids of "exceptional” gametes (whether they produce viable or lethal 
zygotes) and of gametes of other smaller classes. Exceptional zygotes 
that survive in the line of the free fragment (XXX^"^), that is XX Y fe- 
males, represent four exceptional gametes (two containing the maternal 
X’s and two containing the fragment, one of each fertilized by X or by 
Y sperm) since three of the four resulting zygotes, namely XXX, XX^*^ 
and Xp^Y, are lethal. When the total counts include half of the zygotes 
(for example, non-duplication males and females) the exceptional females 
count as two chromatids, or as one chromatid when only males or females 
that do not carry the duplication are counted. The chromatids of the ex- 
ceptions were in some cases crossovers and were rated accordingly. 

In lines of the attached fragment (XXX^*^ and XXX^^^Y) / females are 
crossovers between the proximal fragment and the free X; their X’s are 
attached to each other and they represent two chromatids each, when the 
total includes non-duplication females and males (the lethal zygotes are 
pointed out in connection with X^/X exchange). The exceptional females 
in these lines, from very infrequent XXX^^^-O segregation, are wild type 
duplication females (XXXp'^Y) and are treated as are exceptions in the 
line (i; f). 

Table i shows the percents of crossing over from exchange between 
entire X’s and the relation of those percents to the corresponding per- 
cents from controls. These are also shown graphically in figure 2. 

The most noticeable result is the marked reduction in X/X crossing 
over in the presence of the fragment, especially in the region homologous 
to the proximal section of the fragment. When a Y was present as well 
as the fragment attached to an X, crossing over between the X’s was stiU 
further reduced (experiment loa). The results will be discussed later. 

CROSSING OVER BETWEEN THE PROXIMAL AND DISTAL 
SECTIONS OE THE FRAGMENT AND AN ENTIRE X 

Conclusions in regard to the frequency of XVX crossing over have been 
pieced together from the results obtained in different kinds of experiments 
and are summarized in table 3. 

In the testcross experiment 7, in which the fragment was free and one maternal chromosome 
was marked with bb^ there were three unique types that have been used to allocate the ambiguous 
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Table i 

Percents of crossing over between entire X*s in Dp-100 in the presence of: experiments j-7, the free 
fragment in XXX^^; experiment i, the attached fragment in XXX^; in experiment loa, 
the attached fragment and Y in X XX ^Y , 


REGION 

I 

y-ec 

2 

ec-cv 

3 

cv-ct 

4 

ct~v 

5 

v-s 

6 

s-m 

7 
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car-bb 

MATLDS 
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8.6 

12.3 

7-3 

7-4 

1.36* 

““ 2225 
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lS-2 

8.7 
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5.8 
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8.2 
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14.8 

6.7 

5-8 1307 
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•SO 

.17 
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6.0 

9.8 

8.6 
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13-8 
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.78 
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.60 

•39 

.14 

. 09 t 
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4.8 

S.8 

6.1 

9.8 

4.2 

6.4 

I.I 

0.27 1476 

ratio 

.80 

•59 

•71 

•63 

.38 

.46 

• IS 

•ost 


* Includes one half the quota of X*‘/X crossovers at 7; the other half is included among non- 
crossovers for region 7. 

t Based on control of experiment 7. 


Table 2 

Experiment 7, Dp (i;f)/y^ cv v B bb/y^ ec ct^ s car 9 by yXg cT. Allocation of observed 

types of crossovers. 
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t Allocations are printed in boM-f aced type. 
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types of crossovers due to exchange in the region homologous to the proxim^il component of the 
fragment. Crossovers were determined in non-duplication female offspring. 

Of the two complementary types of double crossovers between entire X^s at 7 and 8, one, 
which is B car hh, is unique and none of this type was observed (table 2), as expected for so short 
a section (mutant characters to the left of s are disregarded since they varied with distal crossing 
over between the X’s which is irrelevant to the present discussion). The complementary type {s 
not-B not-car not-bb) is ambiguous since it is also the type that would result (more often) from 

Table 3 

Corrected percent of crossing over involving the fragments and entire X^s in Dp-ioo^ and in other 
duplications from the data 0/ Dobzhansky {1034) and Philip {1034). Percents for 
experiment y are based on allocations shown in table 2. 


KIND OP 

CROSSO\’ER 

REGION 

X/X 

7 8 

XP/X 

X-EGGS 

7 8 

XX-EGOS 
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0.04 

9d 
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0.19 


9 
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0.04 

O.IO 
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X»/X 







with att. X 

with free X 


I 


1 .0 

0.54 

— 

0.02 
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id 

xxx*^ 
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0.06 
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loa 

XXX'^Y 

1.09 

0.27 

0.15 

o.is 

none 

lob 

XXX’^Y 



0.08 

0.06 

none 





XP/X 



Dp-138 

X^® 

1.24 

0,15 





XXX'Y 



0.7 



Dp-B® 

XXX"'^ 



0.14 




XXX® 



0.20 



Dp-ios 

XXX’^Y 





>* 


XXX*^ 





0. II 

Dp-I02 

xxx*^ 





0.23 

Dp-T-3 

XXX'i» 





0.21 


* Frequency much lower than frequency of XP/X. in Dp-138. 


exchange at 7 between the fragment and the X carrying 5 and car. In the absence of the unique 
7, 8 double crossover type, the 5 females of the sable type are all allocated to the class of X^/X 
crossover at 7. The same s (y or y®) type might also be a duplication female in which the fragment 
was yellow, from exchange between an X and the distal section ot the fragment. X^/X crossovers 
are rare, and none of the sable (y or y®) females is allocated to this class, A y^cvvB female of the 
complementary type showed by somatic characteristics of duplication that she was of the class. 
Another unique type is one of the two complementary X/X crossovers at 8, namely, 5 car bb 
females. Eleven of these were observed and 27 of the complementary type which is B not-car 
mt-bb. The latter is ambiguous, resulting also from exchange between the fragment and the X 
carrying B, at 7 or at 8. Five of the ambiguous B females are allocated to the class of X^/X cross- 
overs at 7 corresponding to the 5 of the complementary sable class described above. Finally, 2 of 
the 27 have been rated as XP/X crossovers at Son the basis of the ratio of X/X crossovers at 8 
to those at 7. This leaves 2c females that were Bar in the class of X/X crossovers at 8. Of the total 
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of 27 B not-cflf not-bb females, 10 tv ere tested and found not to be of the class carr3dng a duplica- 
tion that was yellow, from /X crossing over, and six others were examined and showed no somat- 
ic characters of duplication. The ratio of the ii observed complementary unique type, ^ car hh, 
tc the 20 B not-car not-bb flies that were rated as X/X crossovers at 8 is in fair agreement with 
the observed 0.65: i ratio of bb to not-bb among the non-duplication flies of the experiment. The 
rating of 2 of the B not-car not-bb females as Xp/X crossovers at 8 has led to allocation to the 
complementary Xp/X class (which show’s s and car) of 2 females from the ambiguous non-cross- 
over class (y ec ct^ s car). 

Percents of crossing over in X gametes between the free fragment and 
the X chromosomes have been obtained from the allocations of the ob- 
served types in experiment 7 (tables 2 and 3). 

When the fragment is free, exchange between X^ and an X transfers 
the whole chromatid from its own spindle-fiber attachment to that of the 
fragment and vice versa (fig. 4). If the chromosomes separate after cross- 
ing over, an X chromatid and a fragment pass to each pole; if the other 
X segregates at random X and XX eggs containing the crossover chromo- 
some are to be expected with equal frequency after exchange between X 
and the proximal component of the fragment. 

In experiment 7 exchange was detectable only in X gametes. To test 
the presence of the crossover X in one-X and two-X eggs when X^/X ex- 
change had occurred, duplication females whose X’s were marked by 
car bb or by bh^jcar b¥ were mated to 'f b¥ males when the only source 
of not-66 was the fragment. Experiments 9 and gd show that both kinds 
of eggs occurred (table 10 at (c), appendix). The Y** in experiment pd had 
too slight an effect on b¥ for exchange to be detectable in region 8, but the 
distribution of car showed that crossover chromosomes from exchange 
between the fragment and X in region 7 were present in both kinds of 
gametes. 

A different Y^ (and b¥ in both maternal X’s) was used in experiment 9. 
The values were lower than the corresponding values in experiments 7 
and 9d, owing probably to the action of b¥; heterozygous b¥ is known to 
reduce crossing over in XX females increasingly toward the proximal end, 
the amount of crossing over between car and bb being about half of normal. 

In calculating the percents of X^/X crossing over in X and XX gametes 
(table 3) corrections were made for lethal zygotes (XXX, XX^*^ and X^^^Y), 
The differences between the frequencies of X and XX gametes containing 
X*^/X crossovers are not significant, though the XX gametes were con- 
sistently more frequent than the X gametes. Equal frequencies are (as 
shown above) to be expected if the fragment and X go to opposite poles 
after exchange between them, and distribution of the non-crossover X is 
random. 

When the fragment is attached to an X, reciprocal exchange between 
them cannot be detected. In testcrosses (experiment i) non-reciprocal 
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(diagonal) exchange would produce attached-X females fXXY ). They 
would be of the type of XX females that were crossovers between the 
X’s, that is cv v f (if single crossovers) since the fragment was attached 
to the X so marked. The males that were / (and showed other recessive 
mutant characters) would have been derived from X/X exchange only, and 
are expected to be as frequent as the females of the same origin. The ratio 
of the apparent crossovers, at 8, is 14 females to 18 males, showing no ex- 
cess of females attributable to exchange with the fragment. 

In the outcrosses to males having Bar eyes (experiments id, loa, lob) 
diagonal crossovers would be attached-X females of a type that is not 
ambiguous (since the other class would be heterozygous for B); they 
would be 'f cvv f (or y w cv v f in experiment lob from the second kind of 
mating). If exchange had taken place also between the X’s, the attached 
X females might be (y or yw in part of experiment lob) and wdld type in 
other distal regions. The percent of crossing over involving and the 
attached X was obtained from the observed frequency of all such females 
(showing the proximal recessive characters). Each one represents eight 
chromatids, -when correction is made for lethal classes of zygotes (from 
attached-X gametes fertilized by X sperm and from gametes carrying two 
fragments attached to each other) and correction for reciprocal X^/X 
crossovers of an ambiguous type and the lethals that they represent. 

Crossing over between Xp and the free X in both testcrosses and out- 
crosses would produce y^ females that would be wild type for proximal 
loci but might from exchange between the X^s show other distal recessive 
characters besides y^. The percent of crossing over involving Xp and the 
free X was accordingly obtained from the observed frequency of proximally 
wild type attached-X females. Each one represents four chromatids when 
correction is made for lethals (zygotes from XX gametes fertilized by X 
sperm and zygotes from the complementary type of gamete containing a 
fragment). 

To compare frequencies of exchange in the three combinations of the 
sex chromosome homologues, table 3, experiment 7 (in which b¥ was 
not used) can be considered for the XXXp*^ line. It is assumed, from the 
results of the other experiments with the free fragment, that XX gametes 
after Xp/X exchange in experiment 7 were at least as frequent as X 
gametes. Frequency of Xp/X crossing over was then 0.5 percent . 

The results are not entirely satisfactory, owing to complications inci- 
dental to the use of b¥ and of hb in X and Y, to the absence of some unique 
classes, and to the small sizes of the classes to be measured. They are 
however consistent, and appear to be sufl&ciently accurate to show an 
expected decrease in crossing over when b¥ is involved, which is correlated 
with an observed increase in non-disjunction of X’s. If the classifications 
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in the various experiments and the distribution shown in the table of allo- 
cations were correct, the results would indicate: that X^/X crossing over 
occurs more frequently when the fragment is free than when it is attached 
to an X and a Y is not present; that Y increases X^/X crossing over be- 
tween an attached fragment and an X; and that when the fragment is 
attached, crossing over of the fragment is equally frequent with the at- 
tached X and with the free X (assuming that reciprocal exchange with the 
attached X and diagonal exchange are equally frequent). 

Some of the X^/X crossovers were at the same time crossovers in a more 
distal region between the entire X’s. In experiment 7, with the line of the 
free fragment, 3 of the 5 observed X'/X crossovers at 7 from X eggs were 
also crossovers in region i between the X’s, (classified in table 8, appendix, 
as 7, 8 and i, 7, 8 X/X crossovers, and allocated in table 2 to X^/X cross- 
overs). In the line of the attached fragment (with and without a Y) there 
were 10 (7 tested) X'/X crossovers recovered in attached-X females. Of 
those 5 were also X/X crossovers in regions from i to 3 or 4 (experiments 
1, id, loa, lob, tables 9 and 10). The second exchange (distal and between 
the X’s) will be discussed in relation to disjunction. 

Crossing over has not been studied between the Y and any of the X 
homologues. 

There was a small class of yellow heterozygous bar extremely bobbed 
females in one of two experiments combined in experiment 9 (table 10, 
appendix). This type of female would be expected if an X gamete were 
fertilized by non-disjunctional XY sperm. Such sperm is frequent when 
bb‘ is present. It is not clear why these females were more extremely 
bobbed than the regular so-called “exceptional” y b¥ Y’* females. The 
work of Stern, Netjhaxjs and others on different effects of bobbed and 
on the properties and crossing over of the Y chromosome show that the 
account of Dp-ioo is not complete without more accurate study of the 
effects of bobbed and the role of Y. 

Crossovers between the distal component of the fragment and an X 
are very rare. Among the flies on which percentages were based, in the six 
experiments in which the chromosomes were suitably marked, only two 
such crossover females were observed among 5682 females in experiment 7 
(table 2). 

DISJUNCTION 

XXXp^ 

Offspring of the original Dp-ioo female are shown in table 4. Two 
tested apricot males were sterile, as expected in the absence of a Y chromo- 
some in the mother. The yeHow male is accounted for if an egg containing 
an X chromatid, resulting from exchange between the proximal section 



X CHROMOSOME OF DROSOPHILA MELANOGASTER 433 

of the fragment (X^) and an X, had been fertilized by Y sperm. The com- 
plementary crossover is a chromatid having the fragment attached to it 
in place of the other X. One of the five not-yellow females carried such a 
chromosome. The only .other fertile not-yellow female, and probably 
three that died, arose from non-disjunctional eggs carrying the attached 
X’s and the fragment. Such females were expected to be as frequent as 
the apricot XO males (32) derived from nullo-X eggs. The marked devia- 
tion from equality may be accounted for by the relative inviability of the 


Table 4 

Offspring of the original XXX ^ (wild type diiplication) female and of XXX ^Y (wild type 
duplication) female descendants (the entire X^s were ho^nozygous for yellow). 
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NOT-YELLOW 



y 

XXY 

92 

I XXXpdY 

I x5gcpd(Y?) 

3 died 

XO 

32 


XY 

I 





FEMALES 


NOT-YELLOW y not-Y wfB 
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XXXP<JorXXXi»» 

ilF 

4 t 
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XX 

3t 


* With or without a maternal Y chromosome 
H Tested XXXv^, 
t Not tested, 
t 2 tested. 

duplication females which, in the earlier generations of the line, was asso- 
ciated with marked exaggeration of some of the somatic disturbances 
characteristic of duplication. 

At disjunction the attached X^s and the fragment went together to the 
same pole in 25.8 percent of the tetrads, the percent being represented 
by the ratio of non-duplication (XO) males to total non-duplication males 
and females (fig. 3b). 

XXXp<^Y 

The XX Xp^Y line was derived from the non-disjunctional not-yellow 
daughter of the original XXX ^^ female which had been mated to an X Y 
male. In this line there was a high percent of association at meiosis of 
attached-X^s and fragment as shown by the high frequency of XXX ^^ and 
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Y gametes which produced wild t}T)e duplication females and / B i±yw) 
males respectively when the fathers carried /and B (table 4). 

The heterozygous B female whose father had been / B was shown by 
testing to have carried a maternal X with the fragment attached to it, 
the result of exchange between the fragment and an X. The two tested y 
heterozygous B females carried a single maternal X marked by y, pre- 
sumably derived from exchange between the Y and an X, as observed by 
Katjfm-ann (1933) in attached-X lines. From the matings toywf B males 
at least two of the four not tested heterozygous B females showed somatic 
disturbances due to the presence of the fragment. The fragment may have 
been attached to an X (from X^/X exchange) or it may have been present 
in the free state with a single maternal X which had resulted from exchange 
between the Y and an X. 

The w f B female came from an egg containing the fragment (+Y) 
fertilized by non-disjunctional sperm carrying two X chromosomes. With 
this fly originated the line of two free X’s and a free fragment (XXX'’'*). 

In the XX X^W line the sex chromosome complement is composed of 
three partially homologous units. In this respect it is similar to XXY fe- 
males. The classical theory of secondary non-disjunction suggested by 
Bridges (1916) to account for the types of segregation observed in such 
females has until recently been generally accepted. The theory postulates 
that when two of the three partially homologous chromosomes, X, X and 
Y, pass to the opposite poles of the meiotic spindle the third goes at ran- 
dom with one or the other. If p represents the proportion of tetrads in 
which the two X’s segregate away from the Y, the limiting value of p is 
0.5. STtTRTEV.WT and Be.adle (1936) have found that the value of p is 
0.63 in XXi°Y females which are heterozygous for the delta-49 inversion 
in X, and Sturtevant (1936) has found in triplo-IV flies that the fre- 
quency of one type of segregation of the fourth chromosomes may be as 
high as 70 percent. Likewise in some lines of attached X’s with X-duplica- 
tion, Dobzhansky (1934) and Sturtevant (1936) have found a frequency 
of one t3q)e of segregation somewhat in excess of 50 percent. 

The difference between this situation and the heretofore accepted theory 
of secondary non-disjunction in XXY is illustrated by Sturtevant’s dia- 
gram of triplo-IV segregation; according to the older view when two chro- 
mosomes, such as X and Y in an XXY female (A, B fig. 3a), go to opposite 
poles of the meiotic spindle, segregations II and III will occur with equal 
frequency and it follows that neither can exceed 50 percent of total segre- 
gation; the higher values of certain segregations obtained in the cases 
cited show that frequency of segregation may be independent of a limiting 
random distribution of the third element. 

This is shown also in the 3 QCX®'*Y line of Dp-ioo. The frequency of 
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meiotic spindle is called segregation III. The values obtained are given 
in table 5. 

In the line (fig. 3 d) only one of the four gametes from segrega- 

tion III is recovered (as an XXY female which is yellow). Hence each 
observ^ed 2ygote from segregation III represents two gametes among the 
flies of the classes that were counted, when they were one half of the total 
(for example non-duplication males and females) . In that case the formula 
for deducing the frequency of total exceptional gametes in XXY females 
from the frequency of observed exceptional zygotes can be used. The 
proportion of exceptional gametes (= p) from XXY females is equal 
to zq/i-bq, q representing the proportion of observed zygotes from XX 
and Y gametes. Applied to XXX®'* females this equation becomes p=q 
when non-duplication males or females only are counted, that is one fourth 
of the zygotes (XX or XY) from X-XX!”* segregations (I and II), with 
one fourth of the zygotes (XXY females) from XX-X®'^ segregation (III). 

The same formula applies to the XXX^ ^*^ and X XX p'^Y lines. In these 
lines females from segregation III (fig. 3 e and f) are matroclinous duplica- 
tion females and carry a Y. The males from segregation III can also be 
used if the paternal X is of good viability in XO or in XY individuals as 
was true in experiment loa. Using both male and female exceptions with 
half of the other classes p equals q. Values thus obtained for segregation 
III (when two X’s segregate together) have been compared with those 
from controls and from XXY females (table 5). 

In the XX control of experiment 7 no females from XX gametes were 
observed. Two controls from the same stocks were experiments 4 and 6a 
(experiment 6 and additional matings) ; the difference between the values 
obtained from these is not significant. 

Values used for comparison of XXY females have been computed from 
the data of Bridges (1916, table 2), from the published data of Bridges 
and Olbrycht (1926) (adding thereto the number of exceptional males 
(87) and females (159) and a correction for relative inviability of patro- 
clinous males supplied by Dr. Bridges), and from experiment 5n in which 
non-disjunction was measured in Fi XXY females of experiment sa. 

In the lines in which the X’s were not attached to each other the per- 
cents of segregation of the entire X’s to the same pole are of three orders 
(table s). 

When the X’s are separate and the fragment is attached to one X 
(X XX* ^) the frequency is slightly higher than the average of the more 
variable frequencies of primary non-disjunction in XX females of the 
rantrol and other experiments. When a Y is also present (XXX^^Y) the 
X’s (one carrying the fragment) segregate together in about 19 percent 
of tetrads (experiments loa and b). 
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In the line of the free fragment the frequencies are of the order of the 
more variable frequencies of XX-Y segregation in XXY females; the 
similarity in frequency will be shown later to be superficial. When the X^s 
carried b¥ non-disjunction was increased (experiment 9). 

In the form of Dp- 100 which consists of a fragment attached to X, a 
free X and a Y (X XX ^W) frequencies of three segregations were meas- 
ured and the percents are shown in figure 3f. Percents of segregations I 
and II were estimated from a sample of 170 Fi females (of experiment loa) 
with and without the attached fragment. These females were tested for a 
Y chromosome by outcrossing and observing the occurrence of exceptional 
offspring. The results agreed closely with those obtained from a sample of 


Table 5 

Percents of types of segregation in Dp-ioo (and derived lines) and coyitrols. 


SEGREGATION 

XX -0 


XXXpd -0 

XX-Y 

XX-Xt»i 

Genetics of Dro- 






sophila (1925) 

O.IO 

exp. id 

0.40 

8 . 2 t 


exp. 2 

0.30 

exp. I 

0.30 

6.07 


exp. 4 

0.58 




exp. 3* 3.50 

exp. 6a 

0.07 



exp. 511 2.8 

exp. sa* 4.30 

exp. 8 

0.0 




exp. 7 * 3-35 

exp. pd 2.78 


XXXpd-O 

JQQCpi-Y 


XSCpd-Y XY-XXpd 

exp. 9 S-37 

X- 5 gCpdy 

Dp-ioo 

25.8 

7S-9 

exp. loa 
exp. lob 

19.4 46.9 

18.5 54.9 

33-7 

26.6 


* Includes XX gametes containing X^/X crossovers, 
t Bridges (1916) table 2. 

Bridges and Olbrycht (1926). 


171 Fi females, in a similar experiment (lob), which were tested by out- 
crossing to Plum used as a detector of Y. Both tests seemed to show that 
Y segregates more often with X than with X and attached fragment, the 
ratios being about 1.4:1 and 1.7:1. However a subsequent test, in which 
XXX*’‘*Y females of the stock used in experiment 10b were mated directly 
to Plum, showed the presence of an extra Y in only about half of the Fi 
non-duplication females and males. The same random distribution of Y 
has again been found. Non-duplication male and female offspring of 
X XX> ‘'^Y females were mated to flies that were y w Dp a/' another 
detector of Y. Of 217, tested in this way, one half of them (109) had re- 
ceived a Y chromosome from the mother, showing random distribution 
of Y with X, and with X and attached fragment in the XXX^ '^Y females 
whose offspring were tested. The question then remains open as to whether 
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Y segregates less frequently with an X when a fragment is attached to 
the X. 

Equational non-disjunction had occurred in possibly four instances in 
the lines both of the free and of the attached fragment (see table lo for 
parentage). In experiment g with the (i;f) line, a. s car bb female was 
tested and gave y ec ci^ s car and y^ cv v s car males (and crossovers), show- 
ing that the tested female had originated from non-disjunction of the prox- 
imal ends of the X's, one of the X^s being a crossover in region 5. A cv vf 
female in experiment sa had probably been derived from equational non- 
disjunction; or it may have come from reductional non-disjunction with 
X/X crossing over in region 7, that is, in a region nearer to the spindle-fiber 
attachment than in any other fly from reductional non-disjunction. In 
experiment id with the (i;i) line, a. y w female was tested to determine 
whether she carried attached X’s from X^/X crossing over (with a second 
crossover between X’s), but the test showed two separate X^s and a Y 
chromosome. A y w female in experiment lob was subject to the same ex- 
planation but was not tested. 

Two patroclinous females were observed in experiment lob. One was 
bred and the offspring showed that she had received two separate X^s 
from her father and a Y from her mother. The females had developed from 
eggs of segregation III (figure 3f) but were of a class of zygotes so rarely 
to be expected that it has not been shown in the figure. 

RELATIONS BETWEEN CROSSING OVER AND DISJUNCTION 

The results of Anderson (1929), Dobzhansky (1933) and others have 
furnished abundant evidence that chromosomes that have exchanged seg- 
ments usually pass to opposite poles of the meiotic spindle. Almost all of 
the recovered X/X crossovers in the experiments with Dp (i; f) 100 have 
been found in zygotes from X eggs. Very rarely flies derived from XX eggs, 
known not to contain a crossover with the fragment, were equational for 
recessive mutant characters. For example, in experiment 9 only one of 594 
XXY females that were reductional exceptions and not X^/X crossovers 
was equational for distal loci. She was y^ cv v bb, which indicated crossing 
over in region 5 in one X. There were no reciprocal crossovers in 23 y^ 
females that were tested. 

In the line of attached fragment without Y (XXX^^, experiment i, 
table 9) no equationals were observed among the very few females (9) 
derived from XXX^^ eggs. 

In experiments loa and lob in which the mothers carried the attached 
fragment and Y, five females (namely two w and three w cd) among 1195 
exceptions from XXX ^^ eggs were equational for distal loci, and one was 
a reciprocal crossover between X’s (table 10 at (c), appendix); 183 of the 
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exceptional wild type duplication females were tested and were not recipro- 
cal crossovers. 

The effect on the distribution of the chromatids of a distal exchange 
between the X’s accompanying XP/X exchange was studied. When ex- 
change occurs between the proximal section of a free fragment and an X it 
is assumed that the exchange will usually be followed by disjunction. 

In the lines with the attached fragment (X XX^ ^ and X XX ^^Y) ex- 
change between the proximal section of the fragment and an X produces 
attached-X females (except in case of the undetectable exchange between 
the fragment and the X to which it attached). The distribution of the 
products of a second exchange between X’s is determined by the attach- 
ment of the X's. Such double crossovers were found in about half of the 
attached-X females which were X^/X crossovers. 

By diagonal exchange between the fragment and X, sister strands are attached together and 
a resulting attached-X female shows the recessive characters of the X that is attached to the frag- 
ment and is detectable as an exceptional type in outcrosses. Sister strands being attached to each 
other a more distal exchange could take place only with the free X. There was one y w cv v f 
tested attached-X female (in experiment lob) in which there had been no crossing over between 
X*s. In two other such females a second exchange had occurred (in region 4 in one vf female in 
experiment loa, and in region i or 2 in one y^ cv vf female from the second type of female parent 
used in experiment lob, table 10, appendix). 

When Xp/X crossing over occurs between the fragment and the free X, the resulting attached- 
X female is and a second crossover might be reciprocal (detectable only by testing and none were 
found) or equational and detectable by h^>mozygosis of distal recessive genes (except homozygosis 
of y^). Of four y^ females, two in experiment id and one in experiment loa (table 10, appendix) 
were tested and were probably not crossovers for X, and one y^ female in experiment i (table 9, 
appendix) was not tested. Three other crossovers between the fragment and the free X were 
also equationals for X; two y^ cv females in experiment lob were not tested but were of the t3?pe 
of attached-X females which are X/X crossovers in region 3 or 4, and one tested y^ female in 
experiment loa carried attached X*s of which one was a crossover in region 2 (she was homozygous 
for y^ and carried only normal alleles of ec). 

It has been seen that when the X’s and the fragment are free, crossover 
chromatids from exchange between the proximal section of the fragment 
and X are recovered in both X and XX eggs (table 3, experiment pd, 9) 
and that three of the five females from X eggs found to be X^/X cross- 
overs, in experiment 7, were also X/X crossovers, indicating that about 
half of Xp/X crossovers were also crossovers between X^s in the line of 
the free as in the line of the attached fragment. 

The Xp/X crossing over is detectable only in females from X-gametes, 
in the experiments that show X/X crossing over, and is not detectable 
in XXY females from XX-gametes hence a calculation has been made of 
the frequency of distal X/X crossovers to be expected among XXY fe- 
males when double crossing over (X^/X and X/X) has occurred. 

Assuming that, at the reductional (first) division, crossover proximal 
fragment and X pass to opposite poles, an X egg would receive a double 
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crossover (X^/X and X/X) chromatid only after three-strand double 
exchange and only when the crossover X’s also disjoined and passed to 
opposite poles. The double crossover chromatid would go to the haplo- 
X pole, and after the equational division both daughter nuclei would re- 
ceive a double crossover chromatid. The diplo-X pole of the first division 
is represented by figure 4, Ai ; after the second division one daughter nu- 
cleus would receive a crossover and a non-crossover chromatid, and one 
would receive two non-crossover chromatids (the possible combinations 
indicated in figure 4, Ai). The females recovered from eggs containing one 
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Figure 4. — Diagram of double crossing over in a duplication female (carrying free 

X’s and fragment), when proximal crossing over occurs between the fragment and an X (X^/X) 
and simultaneous distal crossing over between the entire X’s (X/X). It is assumed that crossover 
fragment and X pass to opposite poles. The four chromatids that pass to the diplo-X pole after 
the first (reductional) division are represented by Ai and A2 it the X crossovers go to opposite 
poles, and by Ai, A2, Bi and B2 if the X crossovers segregate at random. After the second (equa- 
tional) division eggs which have received whole chromatids from a diplo-X pole will contain two X 
chromatids each, and if fertilized by Y sperm produce XXY females. If X crossovers always go to 
opposite poles at the reductional division the XXY females to be expected are 2 non crossovers: 
2 equationals: o reciprocals, as shown by the possible combinations of chromatids at Ai and A2. 
If X crossovers segregate at random the expected XXY females are 2 non-crossovers: 4 equa- 
tionals: 2 reciprocals. 

of the four reduced nuclei should be two double crossover XX females to 
one equational XXY female to one non-crossover XXY female. From 
four-strand double exchange the expectation is one XXY female that is 
equational to one non-crossover (figure 4, A2). Hence the total expectation 
when X crossovers pass to opposite poles is 2 XX double crossover females: 
2 non-crossover XXY : 2 equational XXY. Random disjunction of cross- 
over X chromatids after three and four strand double exchange includes all 
the distributions indicated in figure 4. It would result in 2 XX females, 
from X eggs containing a double crossover chromosome (derived from the 
nucleus of the haplo-X pole of the first division) to 8 XXY females from 
XX eggs which would be non-crossovers for X, equationals, and recipro- 
cals in the ratio of 2:4:2. 
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The experiments yielded small numbers of these infrequent classes and 
show lack of agreement with either expectation; they show also inconsist- 
encies which do not seem to be entirely due to the small number of obser- 
vations. It has been noted that only five observed crossovers betw^een the 
fragment and X (X^/X) are available for determining the expectation of 
the frequencies of their own and of other classes in experiment 7. Three 
of the five were double crossovers (X^/X and X/X). Allocations from am- 
biguous types make a total of 14 X^/X crossover females from X-eggs. 
If the same proportion of these as of the X^/X crossovers that were ob- 
served (that is about half) may be assumed to be also crossovers between 
the X’s, then 7 at least of 190 observed XXY females would be expected to 
be equationals. This would be the expectation if the distal crossover X 
chromatids had disjoined^ but twice as many equationals are expected 
and 7 reciprocals as well if segregation had been random. But of the 105 
XXY tested females not one was either a reciprocal or an equational, and 
of the 85 not tested none was equational whereas only homozygosis for 
'f could not have been detected. 

In 5a crossing over of the fragment was not detectable, but among 
137 XXY females there were distal crossovers between the X^s, table 10 
at (b). There were three equationals (one y and two y^ cv, showing cross- 
ing over in region i or 4 in one chromosome) and there were three recipro- 
cals (involving regions i, 2, or 4). These occurred among 108 that were 
tested and represent a total of four equationals (at most) and four.recipro- 
cals. The reciprocals show that non-disjunction of crossover X’s had taken 
place in some of the nuclei. Assuming that X^/X exchange had occurred 
with the same frequency as in experiment 7, there is an expectation of 
eight equationals and four reciprocals from random segregation. A / cv vf 
female may have originated from equational non-disjunction. The entire 
absence of distal crossovers in XXY females in experiment 7 is not ex- 
plained. Experiment 5a though not in close agreement comes nearer to 
expectation from random assortment. 

In experiment 9, double exchange (X^/X and X/X) could have been 
detected in females from XX eggs but none of the ii XXY females that 
carried an X?/X crossover chromatid was equational for recessive mutant 
characters. 

Thus, the results from different experiments are at variance, for types 
found in some experiments have not been observed in others in which 
they would have been detectable. But the results show that almost all of 
the crossover X's observed in flies from XX eggs in the line of the free 
fragment may be accounted for as occurring in eggs that have been derived 
from proximal disjunction of crossover X and fragment as distinguished 
from reductional non-disjunction of X's; that few X/X crossovers occur 
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in flies from XXXp*^ gametes; and that whatever X/X exchange was ob- 
serv'ed in fl[ies from either XX eggs or XXX^*^ eggs had occurred in the 
distal region of the X. 

Dobzhansky also found that in the lines of X-duplications crossovers 
are rare in gametes carr3dng two X’s. 

It has frequently been observed since first pointed out by Bridges 
(1916) that crossover X’s do not occur in XXY females from secondary 
non-disjunction. Gershenson (1935) has found that 0.2 percent of excep- 
tional gametes from XX^“™Y females were distal equationals but he 
found no reciprocal crossovers. This difference is to be expected if cross- 
over chromosomes had disjoined and if proximal disjunction had been 
determined perhaps by a relation to the Y in a nucleus in which distal 
crossing over had taken place between the X’s. It is consistent with the 
results of Bridges and Anderson (1925) in triploids in which they found 
(distal) equational but not reciprocal crossovers in XX gametes, and with 
the results of Beadle (1934) in attached-X triploids in which disjunction 
is determined by the attachment, and reciprocal crossovers were found with 
the frequency expected in XX gametes if the second crossover is random. 

The evidence from Dp-ioo is in agreement with the view that crossover 
chromatids usually go to opposite poles of the spindle and suggests that 
in duplication females this holds more consistently for proximal crossovers 
than it does for distal crossovers, when one of the chromosomes involved 
has crossed over in a proximal region and disjoined from the third element. 
The converse question remains whether chromatids that are not cross- 
overs stay together and to this end the distribution of the X homologues 
in no-exchange tetrads was studied. 

The percent of tetrads in which there was no X/X crossing over has been 
approximately estimated; crossover and non-crossover strands represented 
by crossover zygotes have been subtracted from the total percents of cor- 
responding strands in the proportions indicated by observed zygotes that 
were single, double and triple crossovers, on the basis of random exchange 
between non-sister strands in the four-strand stage. The final residue 
of non-crossovers is the estimated percent of tetrads containing no cross- 
over strands. 

In XXXp^ females (experiment 7) there were ii.o percent no-exchange 
tetrads, of which 31.0 percent gave XX-X*"* segregation. In experiment 5 
there were 13.4 percent no-exchange tetrads and (correcting for 5 percent 
of X/X crossing over in XXY females) it was found that 35.4 percent of 
these gave XX-X**^ segregation. Thus, in no-exchange tetrads containing 
the free fragment there is nearly random distribution of the X’s and the 
fragment. 

In XXX>^ females (experiment i) there were 13.3 percent no-exchange 
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tetrads; the total amount of X XXp *^- 0 segregation was 0.30 percent which 
was only 2.3 percent of no-exchange tetrads, showing that disjunction of 
X from X with a fragment attached was nearly complete irrespective of 
crossing over. But when a Y chromosome was present there was 19.4 per- 
cent of XXX ^^-Y segregation, which was 56 percent of no-exchange 
tetrads. 


DISCUSSION 

Crossing over. The relation of the percents of crossing over between entire 
X’s in the presence of the duplicating fragment to percents from controls 
in the seven or eight regions that were studied have been plotted against 
the map of the salivary chromosome (fig. 2), on which are shown the rela- 
tive positions of mutant genes as located by Mackensen (1935) and 
Bridges (1938). The graph shows that in Dp-ioo when Y is not present 
the effect on crossing over is the same (except in one region) whether the 
fragment is controlled by its own spindle fiber or is attached to one of the 
entire X^s. In both events the greatest reduction is at the spindle fiber 
end which is the region homologous to the proximal section of the frag- 
ment. The curves gradually increase to a maximum in the third region 
between cv and ct and then decrease to points somewhat below i (control) 
in the most distal first region which is homologous to the distal section of 
the fragment. 

More detailed examination of the results shows that reduction in X/X 
crossing over is the same in the lines of the free fragment (i ;f) and of the 
attached fragment (i;i) in regions 4, 6, 7 and 8; the relations are less 
regular in region 5. In region 3 the curves for the free lines (i;f) reach 
points higher than i. The percent of crossing over in experiment 7 alone, 
or combined with the percents of experiments 3 and 5, is significantly higher 
than the percent in experiment i with the line of attached fragment (i ;i). 
In the first region the results are again less different as between the free 
and the attached fragment. 

The differences in region i between percents for the duplication and 
those for the control are so small as not to be significant in any one experi- 
ment but are so consistent as to indicate that there is in fact a slight re- 
duction in crossing over. 

For further comparison, results from Dobzhansxy’s duplications of the 
X chromosome and those from experiments with the lines of free and 
attached fragment of Dp-ioo are presented graphically in figure 5. 

Dobzhansky (1934) has shown that in the duplications studied by him 
frequency of exchange between the entire X chromosomes is reduced in 
the presence of the duplication fragments, that the relatively greatest re- 
duction is observed in the regions homologous to the fragments and in 
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the adjacent regions, and that the degree of reduction is positively corre- 
lated with the length of the fragment. 

Three of Dobzhansky’s duplications that are attached to chromosomes 
other than the X (T-3, T-7 at the ends of chromosomes III and II, and 
126 attached to chromosome III at a point near to the spindle fiber at- 
tachment) very clearly show the reduction in the tested regions. So also 
does Dp-138 consisting of a proximal fragment attached to an X at the 
spindle fiber end. 



7 (Bp (i jf)ioo), in experiment i {Dp (i ;i)ioo) and in duplications studied by Dobzhansky. Axes, 
symbols, and lines denoting extents of fragments as in figure 2. ^ 

Four duplications (134, loi, 105, 102), consisting of distal fragments on 
spindle attachments of their own, give similar reductions, and in addition 
to the effect in the homologous distal region they show also a reduction 
in crossing over in the 7th region (there are no data for the 8th). These 
duplications contained some portion of the inert region, enough to include 
the locus of bb in Dp-ioi and in Dp-105. Dp-ioi the reduction in the 
7th region was even greater than the reduction in the distal region homolo- 
gous to the short fragment which includes only the loci as far as y and sc. 
In Dp- 105, which is the longest of the distal duplications and proximaily 
contains the greatest length of inert region, crossing over was not as fre- 
quent as in the control in any region. 
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Dp-138 extends from the spindle attachment to a point distal to the 
locus of rudimentary and contains therefore an active section of X from 
Y to not included in Dp- 100. The reduction in crossing over in the f -car 
region (7th) in Dp-ioo is as great as in Dp-138. There was no control for 
Dp-138 in region 8, but using the control for experiment 7 (which is the 
same in regions 6 and 7 as the control for Dp- 13 8) crossing over appears to 
be reduced more than in Dp-ioo in region 8. Thus the effect of the proxi- 
mal component of the fragment of Dp-ioo is consistent with the results 
from the other duplications, including the reduction found in region 7 in 
duplications composed largely of a distal section. 

But when the distal effect of Dp-ioo is compared with that of largely 
distal duplications the result is quite different. The slight reduction indi- 
cated as probably occurring in the region homologous to the distal section 
of Dp-ioo is by no means comparable, in relation to lengths of fragments, 
to the reductions found in the other “distal” duplications (only Dp-102 
gives an inconsistent result in the ist region and in the 7th but not in the 
2nd which is homologous to the fragment). The distal effect of Dp-ioo is 
like that of the much shorter Dp-ioi and the effect is much less than that 
of the somewhat shorter Dp-134. 

It is evident that the position of the components of the fragment may 
be a very important factor in their effects. In this connection it may be 
noted that the long proximal Dp-138 has a much greater effect on X/X 
crossing over than has the long distal section of Dp-105. Dp-ioo has, in 
proportion to the length of its proximal component, an effect comparable 
to that of the simple proximal Dp-138, in the region of the X^s homologous 
to the proximal component, and the distal effect also is not very different 
in spite of the presence of the distal component in Dp- 100. Thus the re- 
sults suggest an advantage in pairing at the proximal end of the chromo- 
some over pairing at the distal end, 

Dubinin et al (1935) showed that, in the salivary glands, short proximal 
sections of chromosomes pair rather than much longer distal sections. 

Painter (1934 and 1935) had found the same kind of pairing in the 
salivary chromosomes in Mottled-5 and other translocations of the fourth 
chromosome. He found that in a heterozygote the normal fourth chromo- 
some tends to pair with a very small segment of the fourth at the spindle 
fiber end rather than with the segment comprising almost the entire 
fourth chromosome attached to the X near its distal end, or to a point on 
a large autosome far removed from the spindle fiber attachment. He points 
out the importance of the telophase orientation in pairing and the possible 
application in the understanding of pairing at meiosis in forms in which 
there are aberrant elements. 

Dobzhansky (1936) has shown that the chromosome pattern tends to 



L. V. IIORG.^N 


446 

persist through the interphase in spennatogonial divisions in Drosophila 
pseudoobsciira and emphasizes the importance of taking into account the 
telophase orientation and spatial distribution of chromosomes in the study 
of crossing over variations in chromosomal aberrations. 

With the telophase orientation as the key to the situation, the proximal 
component of the compound duplication is expected to be, at the time of 
pairing, in a position similar to that of a simple proximal fragment, and 
the proximal effects of Dp-ioo are in fact comparable to the effects of the 
proximal Dp-138. In considering the effect of the distal component its 
position in the nucleus is a factor to be taken into accoimt. In relatively 
simple “distal” duplications containing more or less of the inert region, 
the position of the proximal end of the distal fragment at telophase is 
near to the spindle fiber attachment or near to the locus of bb at the far- 
thest; in Dp-ioo its position is determined by its attachment to the distal 
end of the proximal fragment (near the locus of fu) which, due to the pair- 
ing of the proximal component, may be a relatively fixed point at about 
the middle of the X’s. In this position the distal fragment has been shown 
to have scarcely any effect on the crossing over between the X’s at their 
distal ends, whereas a shorter fragment in Dp-134 proximally attached 
to its own spindle fiber attachment and not including the locus of bb has 
a marked effect. In fact, in proportion to the lengths of the distal sections, 
Dp- 134 has a relatively greater effect in the distal homologous region than 
have Dp-ioi and Dp-105, both ot which include the locus of bb; and Dp- 
134 has a lesser effect than either in region 7 (the most proximal region 
that was observed). Proximal sections are effective in proportion to their 
lengths; distal sections, attached to a proximal section, are effective di- 
rectly in proportion to their lengths and inversely to the distances by 
which they are removed from the spindle fiber attachment. 

The fact that the effect of the distal section of a compound duplication 
is conditioned by the extent of the proximal section is evidence that telo- 
phase orientation is important, and is consistent also with Mather’s con- 
clusion that in D. melanogaster pairing takes place first near the spindle 
attachment. His conclusion is based on a study of the relation of points 
of crossing over to the spindle attachment and to each other. It is also con- 
sistent with the relation found in inversions by Stone and Thomas (1935) 
in agreement with observations of Sttjrtevant and Beadle (1936) who 
state “that an inversion is more effective in suppressing crossing over in 
segments distal to itself than in proximal segments.” Since reduction in 
crossing over between the X’s is the same whether the fragment is free or 
is attached, the telophase orientation appeare to be in this regard as effec- 
tive as a permanent attachment. 

It has been seen that the effects of the compound Dp-ioo are similar to 
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those of the proximal Dp-138 in the regions that are homologous to both 
components of Dp-ioo; in the intermediate regions there are two differ- 
ences. Proceeding distally from the region homologous to the fragment, 
in Dp-138 crossing over rises abruptly to the same frequency as the control 
in the region beyond the fragment whereas in Dp-ioo the ratios increase 
gradually and in region 3 crossing over is more frequent than in the con- 
trol, a peak only slightly shown in Dp-138 and not in the “distal” duplica- 
tions. It is of interest to note that the peak occurs in a region which has 
a high coefiScient of crossing over, the highest in fact of all regions of the 
complete chromosome complement (Morgan, Bridges and Schultz 

1937)- 

The effects on crossing over in regions not homologous to the compo- 
nents of the fragment must in their turn be dependent upon spatial rela- 
tions correlated with the peculiar pairing relations of the homologous 
regions. Furthermore the whole chromosome complement is involved in 
disturbances of crossing over in a given region, as shown by interarm 
effects and by interchromosomal effects (Dobzhansky and Sturtevant 

1931, Dobzhansky 1930, 1933, Morgan, Bridges and Schultz 1930, 

1932, 1933, 193s, Steinberg 1936 and MacKnight 1937). 

Dobzhansky has shown that the frequency of exchange between the 

fragment and an entire X is not at all conomensurate with the reduction 
in crossing over between the X’s in the homologous region. The two are 
however positively correlated and are correspondingly correlated with 
the length and position of the fragment. 

Crossovers between a free fragment and one of two attached X’s were 
observed by Dobzhansky in two duplications. In the long proximal 
Dp-138 he found crossing over between the proximal fragment and an 
X in 0.7 percent of gametes, and in the distal Dp-105 crossing over was 
apparently much less frequent. This relation corresponds to a greater 
reduction in crossing over between the X’s in the regions homologous to 
the fragment in Dp-138 than in Dp-105, ratios of percents of X/X 
crossovers in the duplications to control being o.ii:i and 0.34:1 respec- 
tively (the smaller ratio representing the greater reduction). 

The values for the duplicated regions of Dp-ioo are consistent with 
these. For the pro ximal region, the values are nearly the same as those 
for Dp-138 and are intermediate between those for Dp-138 and Dp-105. ^ 
Dp (i;f)ioo, it is estimated that the frequency of X^/X crossing over 
when the fragment is free is 0.5 percent and the ratio of X/X exchange 
to control (in the 7th and 8th regions) is 0.13:1. Exchange between the 
distal component and an X (X-^/X) takes place rarely and corresponds 
to a very slight distal reduction in X/X exchange, represented by the 
ratio 0.85 : r. 
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Although the frequency of crossing over of the fragment increases as the 
reduction in crossing over between the X’s increases, X®p/X crossing over 
is obviously only a small fraction of the total crossing over in the homol- 
ogous regions, even with the longest of the fragments that have been 
studied. If exchange were random among the three homologues the 
expected ratio of X^p/X to X/X crossing over would be 2: i; in Dp-105, 
Dp(i -,1)100 and Dp-138 the ratios are less than 0.13:1, 0.30:1 and 0.50:1 
respectively. The three duplications are mentioned in the order of increase 
in Xp/X crossmg over, and the ratios show further that increase of 
frequency of crossing over involving the fragment is positively correlated 
with increase in its proportion of total crossing over in the homologous 
region. 

Philip (1934) studied crossing over in a duplication, known as Dp-B®, 
in which the fragment is a proximal section of the X chromosome, (includ- 
ing the locus of B to the spindle-fiber attachment) to which most of the 
fourth chromosome is attached. Corrected data from females give 0.14 
percent of crossing over between attached X’s and the free fragment. The 
value is low compared to 0.7 percent for the somewhat longer proximal 
Dp-138 in the same form ( XXX p). When the fragment of Dp-B^ was 
attached to an X, the corrected data from females give 0.2 percent of 
Xp/X crossing over. This does not show the decrease in Xp/X crossing 
over, when the fragment is attached, which was found in Dp-ioo. An 
important factor in Dp-B® is the attachment of the fourth chromosome 
at the distal end of the fragment which originated in a I, IV transloca- 
tion. 

Dobzhansky has compared two translocations T-3 and T-7 with the 
duplications derived from them and has reached conclusions that may be 
further analyzed. In each of the duplications the distal fragment of the X 
is attached at the end of an arm of one of the large autosomes and may 
pair with the two X chromosomes. In the corresponding translocations 
the only exchange in the distal region of the X is that which occurs 
between the fragment carried by the autosome and the single whole X. In 
a translocation, synapsis of the fragment is the condition for exchange in 
the region homologous to the fragment; in the corresponding region in a 
duplication the presence of the fragment is a factor in reduction of cross- 
ing over between the entire X’s and of total crossing over in the region; 
the pairing of the autosomes involved is a factor affecting synapsis of the 
X's in both forms. Dobzhansky states that as a rule crossing over is 
more reduced in translocations than in duplications derived from them. 
His data show further that this relation holds for T-3 and T-7 only for 
the rqgion homologous to the fragment, where crossing over between the 
fragment and the single entire X in the translocations was less frequent 
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than crossing over between the entire X’s in the corresponding duplica- 
tions. 

The regions not homologous to the fragment in T-3 and T-7 were present 
in the duplications in two chromosomes that were entire X's, and they 
were present in the translocations in one entire X and in a proximal 
fragment comprising a large portion of the X (from the spindle fiber 
attachment to a point proximal to ruby). The total frequency of cross- 
overs in these regions between the partial X and the entire X in the trans- 
locations was the same as between the entire X’s, in the corresponding 
duplications. The nature of the efifect of a translocation on crossing over is 
perhaps more clearly shown in Anderson’s (1929) line of high non-disjunc- 
tion. The X was broken near the locus of vermilion into two long segments 
and the distal fragment translocated onto chromosome III. The greatest 
reduction in crossing over between the X’s was in the region of the break 
and the reduction decreased toward both ends of the X. 

Dobzhansky’s data for T-3 show the relative frequencies with which 
the distal fragment crosses over when present in the heterozygous trans- 
location and in the duplication. There were 0.42 percent crossovers 
between the distal fragment and the one entire X in the first region in the 
translocation (and some additional crossing over involving the fragment 
since it overlapped about half of the second region). In the duplication 
there were only 0.21 percent crossovers between the fragment and both 
of the X’s. 

Although the fragment in the duplication from T-3 was about three- 
fourths of the length of the distal section of Dp- 105 and the reduction 
in crossing over between the X’s was correspondingly not so great, still 
in Dp-T-3 the ratio of X^^/X to X/X crossing over (in the homologous 
region) was more than 0.13:1 as compared with a ratio much less than 
0.12:1 in Dp-105 when the fragment was present with attached X’s. This 
suggests that the fragment of Dp-T-3, its position at the end of a large 
autosome, may have an advantage in crossing over, over a distal fragment 
attached to a short proximal region, without increase in its effect on cross- 
ing over between the entire X’s. A similar advantage to a fragment in a 
free state rather than attached to an X has been shown in X^ of Dp-ioo. 
In Dp-105 the ratio of X^/X to X/X crossing over was 0.02:1 when the 
fragment was attached to another X, and less than 0,12 : i when free and 
the X’s were attached to each other. 

Dobzhansky (1934) has pointed out that the effect of a fragment on 
crossing over in regions homologous to itself is opposite to that of a third 
X in a triploid. Total crossing over among X’s in triploids is higher than 
in diploids, especially in the most proximal and distal regions (Beadle 
1934). Dobzhansry’s study and the present study of X-duplications show 
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that the longer the fragment (in a given position) the greater the reduc- 
tion in the total crossing over among the three units of the system and 
the greater the proportion of crossing over of the fragment. The limiting 
h3T)0thetical situation is a system of three entire X’s (the superfemale 
condition) in which crossing over should occur infrequently, and at 
random if at all. 

and Ephrtjssi (1937) have recently found that the offspring 
from the ovary of a superfemale transplanted into a normal female show 
almost no crossing over among the three X’s. But the authors’ analysis 
of this and of other irregularities leads them to conclude that the chromo- 
some unbalance characteristic of super females has a specific effect on the 
meiotic mechanism of all of the chromosomes. 

In the conditions prevailing in triploids, in which crossing over is 
increased, Redeield (1930) has foimd that when crossover reducers are 
present in one of three homologues of a triploid “the remaining two 
chromosomes cross over as they do in triploids and not as they do in 
diploids.” 


DISJUNCTION 

The diagram used by Sturtevant to show the disjunction relations 
that hold among three fourth chromosomes has been found convenient 
for representing the types of segregation of the sex chromosome homo- 
logues under discussion. Sturtevant, in estimating the frequency with 
which a fragment of the X chromosome wiU segregate with attached X’s 
rather than with Y (in XX X^'^Y females) applied his results obtained for 
the fourth chromosome, but it appears from the present study that the 
relations of the chromosomes at disjunction established for the fourth 
chromosomes do not hold for the sex chromosomes. By use of the diagram 
and of certain definitions, Sturtevant illustrates a constant relation of 
disjunction between any two given fourth chromosomes of his series. He 
foimd that his results were verifiable if he assumed that, when two of three 
chromosomes go to opposite poles of the meiotic spindle, the proportion 
in which one of them goes to the diploid pole is a property of those two 
chromosomes and is independent of the nature of the third opposing 
chromosome. 

This is found to be not true for X and Y when the t hird chromosome 
is another normal X or one which is altered in one way or another. For 
example, if an X and a Y chromosome are present with an X containing 
the inversion dl-49 then, when X separates from Y, the proportion of 
times in which X segregates with X"^^® is the frequency with which X 
passes to the diploid pole divided by the sum of the frequencies with which 
it passes to the diploid and to the haploid pole. Using this formula, which 
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gives a constant value for any two fourth chromosomes, it is found that 
when X separates from Y the proportion in which it goes to the diploid 
pole is not constant when the third opposing chromosome is changed. The 
different values are 0.113, 0.726, 0.77 and 0.365 when the opposing ele- 
ments are respectively normal X, In-CIB, In-dl-49 and an X with the frag- 
ment of Dp-ioo attached to it. Obviously there are differences in the 
four examples in the crossover relations between the X (and the Y) and 
the various opposing X’s. The effect of crossing over on disjunction 
probably enters into the problem. In XXY almost normal crossing over 
takes place between the X’s. In XX^“Y there is a reduction in crossing 
over due to the inversion in the opposing X. In the duplication an agent 
reducing crossing over is the fragment introduced by the third element, 
which is the fragment and X attached to each other. There may be other 
factors affecting disjunction due to the attached fragment. At the time 
of disjunction the proportion of tetrads containing only non-crossover 
chromatids varies in the four combinations. 

Sturtevant and Beadle (1936) have studied the distribution of homo- 
logues in females heterozygous for X inversions and have found that the 
X’s of nearly all tetrads in which no exchange has taken place segregate 
together when a Y chromosome is present. In XX females heterozygous 
for In-dl-49, which exchange takes place in only about 30 percent of 
tetrads, disjunction of the X’s occurs regularly. But when a Y chromo- 
some is present, they have found that in 90 percent of no-exchange 
tetrads the X’s pass together to one pole away from the Y. 

In the line of attached fragment, Dp (i;i)ioo (without Y), disjunction 
of the X^s is nearly complete (there are about 0.30 percent of exceptions) 
although there are 13.3 percent no-exchange tetrads. The pairing relations 
concern three elements which in disjunction are reduced to two units. 
In the presence of Y there is 19 percent of non-disjunction of X’s and the 
frequency with which the two X’s segregate together in no exchange 
tetrads is 56 percent. Disjunction of the fragment is determined by its 
attachment to an X, and non-disjunction of X’s in no-exchange tetrads 
is also in this combination increased by the presence of Y. 

It has been seen that in Dp(i;f)ioo with two normal X’s and a free 
fragment 31 percent of no-exchange tetrads give non-disjunction of X^s. 
This results in a total percent of exceptions which is nearly the same as 
the percent of secondary exceptions from XXY females in which crossing 
over is normal, but the analysis shows that the conditions leading to 
approximately the same result are different. The percent of exchange 
tetrads is greatly reduced by the presence of the fragment and disjunction 
in no-exchange tetrads is nearly random in the duplication female. 

Observations have been made by Sturtevant and Beadle on disjunc- 
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tion in systems of three homologues when one of the X’s carries an inver- 
sion and the third element is a Y or a short fragment, the length of the 
fragment being varied. 

The Y chromosome has been found by them (Stxirtevant and Beadle 
1936) to be but slightly concerned with reduction in crossing over between 
the X’s (for example in In-dl-49). They refer to a difference between the 
effect of Y and of a small fragment of X on the percent of exceptions in 
females heterozygous for In-CIB. Unpublished data from experiments done 
separately by the two authors show that the frequency of exceptional 
zygotes from C 1 B/- 1 - is almost o (as in XX), from ClB/-}-/Y it is 40 
percent and from C1B/-1-/X°p it is 5-10 percent, corresponding respec- 
tively to 57 percent and 9-18 percent of segregation of the X’s to the same 
pole. 

In XXX*"^ females (Dp(i;f)ioo), non-disjunction of X’s is nearly 
random in no-exchange tetrads, whereas in XX'^*'^®Y females, Sturte- 
VANT and Beadle foimd nearly complete non-disjunction of X’s (90 per- 
cent) in no-exchange tetrads. If 57 percent of XX^“-Y segregation repre- 
sents 90 percent of no-exchange tetrads in CIB and if fragments of X 
produce an effect similar to that of the fragment in Dp(i ;f)ioo then about 
one-third of 57 percent or 19 percent of XXCiB-X» segregation might be 
expected from duplication females heterozygous for CIB. The percent 
would vary with the length of the fragment since reduction in the amount 
of crossing over and probably the frequency of no-exchange tetrads are 
correlated with the length of the fragment. 

The effect on disjunction of a fragment of X with the long arm of Y 
attached to it, described by Philip (1934), is in one combination of X 
homologues comparable to the effect of a Y chromosome. She found that in 
attached-X females carrying the proximal fragment of Dp-B® the fre- 
quency of XX Xp -0 segregation was 8.7 percent; but, when the long arm 
of Y was attached to the fragment, there was nearly complete disjunction 
of this new unit from the attached X’s (the frequency of XXX^Y '-O 
segregation was only 0.33 percent). Complete disjunction occurs also in 
XXY females. 

The frequency of XXX ^'^-O segregation in the original female of Dp- 100 
was 25.8 percent and when a Y was present the frequency of segregation of 
the fragment with the attached X’s away from Y QOCX’^^-Y) was 75.9 
percent. Comparison of duplications of Dobzhansky’s study shows 
opposite correlations of the frequencies of the two types of segregation 
with the length of the proximal section of the fragment. Dobzhansky 
observed a negative correlation between the length of fragment and the 
frequency of XXX ^^-0 segregation. In the duplications studied by him 
that contain^ very short fragments of the distal region of X and more 
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or less of the inert region, XXX ^p-Q segregation was less frequent when 
the locus of bh was included, except in Dp-102 which has already been 
referred to as exceptional in crossover relations. The frequencies were 
10-19 percent when the locus of bh was present and 24-27 percent in its 
absence. When a Y chromosome was present with the same fragments 
non-disjunction of the attached X’s and fragment was increased but in 
such proportions that XXX^p-Y segregation was more frequent when the 
locus of bb was included than when it was not present; non-disjunction was 
over 50 percent when the fragment covered bb and less than 50 percent 
when it was shorter. (One exception (Dp-106) which seemed when tested 
not to contain the locus of bb nevertheless gave frequencies of the two seg- 
regations similar to those of the other duplications covering y svr and bb ; 
Sivertzev-Dobzhansky and Dobzhansxy (1933) state that the tests 
were not altogether conclusive.) The relation of crossovers to disjunction 
in these combinations of attached-X^s and fragment is not known. 

A constant property of the Y chromosome is the effect of increasing 
non-disjunction of two other units of X homologues in combinations that 
have been described by others and in this study; non-disjunction is 
increased when Y is present with XX, XX^"^, XXX^p and XXX^^. 
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SUMMARY 

1. The duplicating fragment of Dp-ioo is an X chromosome deficient 
for the middle section. The fragment contains a distal component extend- 
ing from the distal end of the chromosome (yellow) to a point between the 
loci of prune and white, and a proximal component extending from a 
point between the loci of Beadex and fused to the spindle fiber end. The 
fragment therefore contains the inert region, the section homologous to 
Y, and some of the active region of the middle and distal end of the X. 

2. The fragment produces characteristic somatic effects and lowers 
viability in females. It is usually lethal in males. It may sometimes pro- 
duce a fertile intersex when present with two entire X^s in triploids 
(Dobzhansky and Schultz 1931). 

3. The homologues of X that are involved have been obtained in the 

combinations: (a) XXX^^, (b) XXX^^Y, (c) XXX^^ (d) XXX^^Y and 
(e) (fig, i). 
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4. Crossing over has been studied in the last three combinations (in 
which the X’s are not attached to each other) in eight regions from yellow 
to bobbed, and a marked reduction in crossing over between the X’s 
has been observed in the region homologous to the proximal component 
of the fragment (fig. 2). There is also a marked reduction in total crossing 
over in that region. 

5. In the two lines with separate X’s without Y, (e) and (c), reduction 
in crossing over between the entire X’s is the same (except in region 3) 
whether the fragment is free (e) or is attached to one of the X’s (c). 

6. In lines (e) and (c) crossing over between X’s is reduced to about 
one-tenth of the frequency of the control in the eighth region (nearest to 
the spindle fiber attachment). Toward the distal end of the chromosome, 
the curve representing ratios of duplication to control crossing over rises 
gradually to a maximum higher than control in the third region between 
cv and ct) it then falls but only to about 0.8 in the first region which is in 
part homologous to the distal component of the fragment (X'*). 

7. When a Y chromosome is present and the fragment is attached to an 
X (d), crossing over is slightly lower throughout the length of the chromo- 
some and stiU further reduced in the eighth region. 

8. Crossing over takes place between the distal component of the frag- 
ment (X**) and an entire X, with a very low frequency (0.0 1 to 0.04 percent). 

9. Crossing over occurred between the proximal component of the 
fragment (X^) and X. In the line of free X’s and fragment (e) the fre- 
quency was estimated by allocations of ambiguous types from X eggs 
in experiment 7, or by marking the X’s with bb‘ which reduces exchange. 
The chromatids that are X^/X crossovers seem to occur at least as fre- 
quently in XX as in X eggs. The frequency of XVX crossing over appears 
to be about 0.5 percent in the XXX®^ line (e). 

10. Corrected frequency of crossing over between X® and X in the line 
in which the fragment is attached to an X (c), as estimated from exchange 
between X® and the free X, and diagonal exchange between Xp and 
attached X, was less than o.i percent. 

11. When a Y was also present the frequency was 0.2 to 0.3 percent. 

12. In the line of free X’s and free fragment (e) crossovers between X’s 
were rarely observed in zygotes from XX gametes known to be not 
crossovers between the proximal component of the fragment (X^) and an 
X (i equational in region 5 among 594 females). In experiment 7 half of the 
Xp/X crossovers from X eggs were also distal crossovers between the 
X’s; but no X/X crossovers were observed in any of the females from XX 
eggs. In experiment 5a, a small percentage of both reciprocal and equational 
distal crossovers was observed in flies from XX eggs, showing that distal 
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X/X crossovers do not always disjoin. The frequency was not higher than 
was to be expected if the X/X crossovers were also Xp/X crossovers, which 
were not detectable. 

13. In the lines with attached fragment, with a Y (d) or without (c), 
five distal equationals were observed among 1204 exceptional females. 
About half of the Xp/X crossovers which were recovered in attached-X 
females from XX eggs were also X/X crossovers in distal regions. 

14. Crossing over between Y and the other X homologues was not 
studied and was observed only in the XXXp^Y line (b). 

15. Disjunction of the different partially homologous elements has been 
studied in the five lines of Dp- 100: 

a. The frequency of XX Xp '^-0 type of segregation in the original female 
(a) was 25.8 percent. 

b. With Y added, in the XXXp'^Y line (b), there was 75.9 percent of 
XXXp‘^-Y t3q)e of segregation, that is, more than the frequencies of both 
of the other t3q)es of segregation. This shows that in this combination of 
X homologues disjunction is not dependent on random distribution of one 
of the elements after separation of the other two. The result is similar to 
those obtained by Beadle and Sturtevant (1936) with X inversions, by 
Sturtevant (1936) with triplo-IV, and by Dobzhansky (1934) and 
Sturtevant (1936) with X duplications. 

c. The frequency of segregation of two X’s together (XX-Xp**) in 
experiment 7, with the line of free X’s and free fragment (e), was 3.4 
percent, that is, about one-third of the estimated percent of no-exchange 
tetrads, a nearly random distribution in no-exchange tetrads of the three 
homologues. Segregation in this combination is markedly different from 
that in XX^“Y females, heterozygous for the dl-49 inversion, in which the 
X’s segregate together in 90 percent of no-exchange tetrads (Sturtevant 
and Beadle 1936). These comparisons in connection with others show a 
distinct difference between the effects of Y and of even small fragments of 
X on disjunction of X’s. Philip (1934) found that an element composed 
of the long arm of Y attached to a proximal fragment (extending to the 
locus of B) disjoins completely from attached X’s. The effect is the same 
as that of Y in XXY females but different from that of the fragment of 
Dp-ioo (isa above) and of other duplications (Dobzhansky 1934)- 

d. Disjunction of the two X’s, when the fragment is attached to one 
of the X’s, in the X XXp *^ line (c) of Dp-ioo is almost complete as in XX 
or XX^“ females; the frequency of XXXp^- 0 segregation was 0.3 percent 
which is about the same as in XX controls, and is only 2.3 percent of the 
frequency of no-exchange tetrads. 

e. The presence of a Y with free X’s and attached fragment (d) increases 
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segregation together of the X^s ( XXXp ^-Y) to about 19.0 percent. This is 
about 56 percent of the frequency of no-exchange tetrads. 

16. The reductions in crossing over between X’s in the region homolo- 
gous to the proximal component of the fragment in Dp- 100 and in the 
proximal Dp-138 studied by Dobzhansxy (1934) are proportional to the 
respective lengths of the duplicating sections of chromosomes (shown 
graphically in figure 2). This is in agreement with the correlations shown 
by Dobzhansky in other duplications. 

17. The slight reduction in crossing over between the X’s in Dp-ioo, in 
the region homologous to the distal component of the fragment, is not as 
great, relative to the lengths of fragments, as the reductions found by 
Dobzel^nsky in distal duplications of varying lengths having their own 
spindle fibers and containing more or less of the inert region. The reduc- 
tion in the distal region in Dp- 100 is comparable to that found in a much 
shorter ^Mistal” duplication (Dp-ioi), which includes the locus of 66. 

18. The effect of Dp-ioo is throughout the whole X very similar to the 
effect of the simple proximal Dp-138, some differences appearing in the 
regions not homologous to the fragments. 

19. The results show that the proximal component of the fragment has 
more effect than the distal on crossing over of the X’s in homologous 
regions relatively to their lengths. Other comparisons show correlation 
between the extent of effects of fragments and their position. 

20. In the proximal region of Dp-ioo, the proportion of X^/X crossing 
over to X/X crossing over, in experiment 7 with the line of free X’s 
and free fragment (e), is about 0.30:1 whereas if exchange were random 
the ratio would be 2 : i. Other duplications show a similar relation. 

21. Comparison of Dp-ioo with Dobzhansky^s proximal Dp-138 and 
mostly distal Dp-105 shows that increase in reduction of crossing over 
in the region homologous to the fragment is positively correlated with 
increase in reduction of total crossing over in that region, and with increase 
in the proportion of the total that involves the fragment. In some condi- 
tions, there appear to be factors that give an advantage in crossing over 
to the fragment without changing the extent of its effect on crossing over 
of the X’s. 

22. The persistence of the telophase relations of the chromosomes 
whereby the regions of spindle-fiber attachments are closely associated 
before the first meiotic division and whereby new relations are established 
in aberrations has been shown by Dobzhansky (1936) to be an important 
consideration in the study of crossing over in aberrations. By a comparison 
With other duplications a proportional effect on crossing over of the proxi- 
mal component of Dp-ioo is shown. The position of a distal section in a 
duplication is detennined by its attachment to a long or short proximal 
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component or to another chromosome. On the relatively long proximal 
section of Dp-ioo the distal component has less effect on X/X crossing 
over than have comparable distal fragments when attached to short 
proximal sections containing more or less of the inert region only, or when 
carried at the ends of the long autosomes. 
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APPENDIX 

Tables 6-io. For each type of crossover the complementary class first 
recorded in the tables is that containing the distal end of the first entire 


Table 6 

Experiment j. Offspring of Dp cv v f/y ec ct^ s car 9 by yXg cf. 


TYPE 

NON-Dp 

(o’?) 

Dp 

( 99 ) 

CONTROL 

(<f 9 ) 

TYPE 

NON-Dp 

(cf 9 ) 

Dp 
(9 9 ) 

CONTROL 

(rf' 9 ) 

0 

512 

567 

238 146 

295 

267 

3. s 

I 

I 

I 

4 

2 

I 

SI 

65 

(with 0) 

38 

31 

3,6 

3 

4 

— 2 

3 

7 

2 

87 

74 

10 15 

44 

48 

3 , 7 

— 

— 

(with 3) 

2 

I 

3 

88 

84 

6 28 

38 

61 

4 , 5 

I 

3 

2 I 

4 

5 

4 

119 

117 

31 41 

81 

74 

4, 6 

4 

4 

— — 

4 

5 

5 

65 

6$ 

7 27 

48 

42 

4 , 7 

— 

I 

(with 4) 

3 

6 

6 

45 

78 

17 8 

60 

62 

5, 6 

I 

— 

— — 

— 

— 

7 

8 

10 

(with 0) 

26 

22 

5 , 7 

2 

I 

(with 5) 

I 

3 

1,2 

2 

— 

(with 2) 

— 

I 

6, 7 

I 

I 

(with 6) 

I 

— 

1,3 

3 

4 

(with 3) 

— 

— 

T, 2 , 7 

— 

— 

(with 2) 

I 

— 

1,4 

5 

5 

{with 4) 

7 

5 

I, 4 , 5 

— 

I 

— — 



1,5 

6 

7 

(with s) 

— 

5 

1 . 4 , 6 

— 

— 

_ 

I 


1,6 

4 

7 

(with 6) 

7 

6 

I, S, 6 

I 

— 

— — 

__ 

— 

I, 7 

— 

I 

(with 0) 

5 

I 

I, 5 . 7 

— 

~ 

(with 5) 

I 

— 

2,3 

I 

— 

— * — 

— 

— 

1,6, 7 

— 

— 

(with 6) 

I 

— 

2,4 

4 

8 

— 2 

6 

5 

2 , 3 . 6 

— 

— 

— — 

— 

I 

2, 5 

2 

5 

I — 

3 

3 

2, 4 . 7 

— 

— 

(with 2, 4) 

I 

— 

2, 6 

7 

5 

— 2 

16 

10 

3 , 5 , 7 

I 

— 

(with 3, 5) 

— 

— 

2, 7 

’ 2 

— 

(with 2) 

5 

I 


1027 1118 

312 274 

708 

676 

3,4 

I 


— I 

2 

2 

Total 

2145* 

586 

1384 


* Class (a) from X-XX**^ segregation. Other classes: (b) 40 XXY females not equational 
(2 XXY females in control); (c) Xp/X crossovers included in (a) and (b); (d) XVX crossovers 
none. 


Quota of chromatic^ used in determining percent of crowing over: 2145 from males and fe- 
males of class (a), 80 represented by class (b). 
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chromosome to be described, namely, containing while the second 
entry is of the complementary class beginning with y. Numbering of 
regions follows the scheme: y^(y)i ec 2 cd 2 ^ ct $ s 6f(B) 7 car 8 bh{bb^) 
illustrated in figure 1 e. The tester male used in test crosses known as yXQ 
(y ec cv cf v carf bb^) carries a marker for every region. 

Although in the actual experiments females and males were classified 
and totalled separately they have been combined in the following tables 
since careful inspection showed close agreement throughout. The duplica- 
tion classes include only females, and since their viability is erratic, 
complementary crossovers may differ widely in value; they were not used 
in determining percent of crossing over. 


Table 7 

Experifneni 5. Offspring of Dp{i;f)/y- cv vf/y ec ct^ s car 9 hyfB c?, and from 
XXV daughters hyfB (f. 


TYPE 

XXX"^ 

NON-Dp 

(d'd') 

XX 

CONTROL 

(cfcf) 

XXY 

TYPE 

XXXPd 

NON-Dp 

(cfd’) 

XX 

CONTROL 

(cfd^) 

XXY 

0 

386 

379 

129 

73 

430 

304 

3,4 

4 — 

— — 

I 

— 

1 

44 

31 

II 

12 

23 

38 

37 5 

3 — 

— — 

6 

5 

2 

63 

49 

19 

8 

72 

56 

3, 6 

3 2 

2 — 

3 

9 

3 

53 

78 

12 

II 

49 

S6 

3, 7 

— 3 

— I 

4 

2 

4 

105 

98 

25 

30 

114 

104 

4, 5 

2 — 

3 — 

3 

6 

5 

SO 

34 

23 

8 

6s 

61 

4,6 

3 I 

2 — 

10 

10 

6 

33 

3b 

19 

16 

53 

63 

4, 7 

— I 

6 I 

2 

9 

7 

8 

5 

6 

7 

29 

21 

5, 6 

— — 

— 3 

— 

— 

I, 2 

— 

— 

— 

— 

— 

I 

S, 7 

— I 

r — 

— 

2 

L3 

I 

— 

— 

— 

I 

— 

6, 7 

— — 

— — 

— 

— 

L 4 

4 

I 

3 

2 

3 

4 

L3 7 

— — 

— — 

— 

I 

h 5 

5 

2 

I 

— 

4 

2 

i> 4, 5 

— — 

— 

— 

I 

I, 6 

S 

4 

I 

3 

5 

9 

2, 4, 6 

— — 

— — 

— 

2 

h 7 

I 

2 

2 

I 

2 

3 

3* 4, 6 

— -- 

— — 

— 

1 

2,4 

5 

3 

3 

I 

6 

4 

4, 5, 7 

— — 

2 — 

— 

— 

2, s 

2 

2 

4 

— 

12 

7 






2,6 

4 

2 

3 

I 

8 

12 


784 734 

278 178 

907 

794 

2, 7 

— 

— 

I 

2 

2 

I 

Total 

1518* 

456 

1701 


* Class (a) from X-XX*^ segregation. Other classes: (b) 80 XXY females (i XX Y female in 
control); (c) Xp/X crossovers included in (a) and (b); (d) X^/X crossovers none; (e) i matro- 
clinous female. From XXY mothers there were 26 matroclinous females and 28 patroclinous 
males. 

Quota of chromatids used in determining percent of crossing over: 1518 from males of class (a), 
80 represented by class (b); i represented by class (e). 
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Table 8 

Experment y. Offspring of Dp(i;f)ly^ cvv B bh/y ec ct^s car 9 by yXg cT. 


TYPE 

NON-Dp 

( 99 ) 

CONTROL 

TYPE 

NON-Dp 

( 99 ) 

CONTROL 

TYPE 

NON-Dp 

(9 9 ) 

CONTROL 

0 

1054 1653 

206 285 

2,7 

3 

7 

6 

I 

1.4,6 

— 


I — 

I 

165 

100 

26 

26 

2.8 

I 

— 

2 

2 

1,7,8 

3 

— 

_ — 

2 

229 

170 

32 

39 

3,4 

3 

3 

I 

I 

2,3,6 

I 

— 

— — 

3 

3 H 

223 

46 

31 

3 , S 

7 

9 

I 

2 

2,4,6 

— 

1 

I — 

4 

399 

299 

77 

67 

3 , <5 

ir 

15 

5 

6 

2, S,8 

— 

— 

— I 

5 

154 

107 

S6 

30 

3,7 

2 

4 

— 

3 

2, 6, 8 

— 

— 

I — 

6 

186 

113 

68 

S8 

3,8 

— 

I 

— 

5 

3 , 4,5 

— 

•— 

— 2 

7 

17 

16 

30 

19 

4 , S 

2 

2 

2 

3 

3 , 4,6 

— 

— 

I — 

8 

20 

10 

23 

9 

4,6 

9 

17 

5 

6 

3 , 4,7 

2 

1 

— — 


— 

I 

— 

— 

4,7 

2 

I 

8 

5 

3 , 5,7 

— 

— 

I — 


2 

I 

— 

— 

4,8 

— 

2 

2 

6 

3,6,8 

I 


— — 

h4 

12 

12 

6 

3 

5,6 

— 

— 

2 

— 

3 . 7,8 

— 

— 

I — 

hS 

3 

9 

— 

2 

5,7 

— 

2 

I 

I 

4 , 5,6 

— 

I 

— — 


7 

25 

3 

13 

5,8 

— 

I 

I 

7 

4 , 5,8 

— 


2 — 

h7 

3 

2 

6 

3 

6,7 

— 

I 

— 

— 

4 , 6,7 

— 

— 

— 2 

1,8 

— 

— 

3 

I 

6,8 

— 

I 

2 

7 

1, 4 , 5 , 8 

— 

I 

— — 

2,4 

4 

IS 

2 

8 

7,8 

— 

2 

— 

— 


2627 2863 

637 670 

2,5 

4 

II 

4 

5 

1,2,4 

-- 

— 

I 

— 

Total 

5490 

1307 

2,6 

7 

24 

1 

II 

1 , 3,8 

— 

— 

I 

— 


(d'd’ 

il 

to 

00 

(1484) 











Total 

11768* 



* Class (a) from X-XX**^ segregation. Other classes: (b) 190 XXY females not equational, 
105 (tested) of these not reciprocal X/X crossovers (no XXY females in control); (c) X^/X cross- 
overs, from X-eggs, 5 apparent 7 , 8 X/X crossovers, 3 of them also X/X crossovers at i (in- 
cluded in (a), (see table 2); X^/X crossovers from XX-eggs included in (b); (d) X^/X crossovers, 
S not-y non-Dp flies (2 females and 3 males) equally divided between complementary classes, 
and I Bp female carrying a y® (or y) fragment from X*^/X crossing over (see table 2). 

Quota of chromatids used in determining percent of crossing over: 5490 from females of class 
(a), 190 of class (b) and 2 of class (d). 
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Table 9 

Of spring in lines of Dp(i; 1)100. Experiment i. Dp(i;i)j cv vf/y ec cf s car 9 by 
yXg (S'. Experiment loa. Dp{i;i)j cv v f/y ec ct^ s car/Y $ by y- f B b¥ (S'. 


type 

XXXp^ 

NON-Dp Dp 

(cf 9 ) (9 9 ) 

XX XXXpdY 

CONTROL NON-Dp 
(cf 9 ) (cf(f) 

TYPE 

XXXpd 

NON-Dp Dp 
(Cf 9 ) ( 99 ) 

XX xjgcpdY 

CONTROL NON-Dp 

(.(S 9 ) {(S'&) 

0 

3279 

1447 

882 

731 

626 

4,6 

18 

3 

24 

20 5 

I 

253 

(with 0) 

76 

71 

59 

4,7 

3 

I 

13 

16 — 

2 

414 

152 

no 

109 

74 

4,8 

3 

(with 4, 7) 

(with 4) I 

3 

452 

190 

IT 4 

133 

77 

5,6 

— 


2 

I — 

4 

720 

260 

228 

225 

126 

5,7 

— 

I 

9 

5 I 

s 

346 

120 

162 

144 

53 

5,8 

I 

(with 5) 

(with s) — 

6 

273 

66 

180 

190 

76 

6,7 

— 

— 

I 

3 — 

7 

44 

9 

80 

80 

13 

6,8 

I 

(with 6, 7) 

(with 6) — 

8 

18 

(with 7) 

(with 0) 

3 

1, 2,6 

I 

(with 2, 6) 

— 


I 2 

— 

(with 2) 

— 

I 

— 

1,2,7 

— 

(with 2, 7) 

I 

— — 

1 , 3 

I 

(with 3) 

2 

— 

I 

1 , 4,5 

— 

(with 4, 5) 

I 

— — 

hA 

6 

(with 4) 

12 

13 

2 

1,4,6 

I 

(with 4, 6) 

I 

— — 

hS 

13 

(\vith s) 

10 

7 

4 

1 , 5,7 

I 

(with 5, 7) 

2 

— — 

1,6 

9 

(with 6) 

II 

20 

5 

1,6,8 

I 

(with 6, 7) 

(with 

1,6) — 

1,7 

I 

(with 7) 

9 

4 

— 

2 , 3,7 

— 

— 

— 

I — 

1,8 

I 

(with 7) 

(with i) 

— 

2 , 4,5 

— 

— 

I 

~ — 

2,3 

— 

— 

I 

— 

— 

2, 4,6 

— 

I 

I 

— — 

2,4 

8 

2 

16 

15 

3 

2 , 4,7 

I 

— 

— 

4 

2,5 

8 

4 

25 

13 

2 

2, 5,7 

— 

— 

— 

2 — 

2,6 

12 

I 

32 

31 

4 

3 , 4,6 

— 

— 

I 

— — 

2,7 

6 

2 

IS 

12 

2 

3 ^ 4,7 

— 

— 

I 

I — 

2,8 

4 

(with 2, 7) 

(with 2) 

— 

3 , 5,6 

— 

— 

— 

I — 

3,4 

5 

3 

3 

2 

6 

3^6,7 

— 

— 

— 

I — 

3,5 

I? 

5 

20 

9 

2 

4 , 5,7 

— 

I 

2 

I — 

3 6 

6 

I 

16 

14 

4 

4 , 6,7 

— 

— 

I 

— — 

3 7 

5 

2 

13 

10 

— 2 

, 5 , 7 , S 

I 

— 

(with 

2, S, 7) — 

3,8 

2 

(with 3, 7) 

(with 3) 

— 




2090 1898 

4 ,S 

6 

2 

12 

8 


Total 

5936* 

2273 

3988 

ii 49 t 


* Exp. I, class (a) from X-XXp<^ segregation. Other classes: (b) 9 XXXp*^Y females not equa- 
tionai (3 XX Y females in control); (c) one /X^/X crossover involving the free X (not tested), 
presumably an XX female, not equational (homozygosis for 'f was not detectable); (d) X'^/X 
crossovers none. 

Quota of chromatids used in determining percents of crossing over: 5936 from males and fe- 
males of class (a), 18 represented by class (b), 2 by class (c). Quota of control, 3988 males and 
females of class (a), 12 represented by class (b). 

t Exp. loa, class (a) from XY-XXp*^ or X-XXp*^Y segregation. Other classes described in 
table 10. 

Quota of chromatids used in determining percents of crossing over; 1149 from males of class 
(a) and (see table 10) 323 represented by class (b), 2 by diagonals of class (c) and 2 by crossovers 
with the free X of class (c). 
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Table 10 

Experiment 9. Offspring of DpCi;f)/y® cv vf hh^/y ec cfi s car bh^ by B hb^ c?. 

Experiment od. Offspring of I>p(i;f)/y ec cfi car bhjy ec cfi x® car ib 9 by y* J? cT. 

Experiment id. Offspring of Dp(i;i), y* cvvf/y 10 9 by y® co » B cT. 

Experiment lob. Offspring of Dp(i;i), y^c» ti//y t»/Y 9 or Dp(i, i), ywcv vJjy^JY 9 by y^ cn » B cf and analysis 
of flies from two-X eggs in these experiments, in experiment (including those from experiment 5, table 7, and addi- 
lional matings) and in experiment loa (table 9) For example, opposite (b), 2 =0:1, 4 is the record of two tested females, 
of class (b), whose X*s were one non-crossover and one double crossover in regions i and 4; [i ] =0:5 is the record of 
one not tested female, of class (b), whose X*s were rated from the phenotype as one non-crossover and one crossover in 
region 5. 


P.AXENT 9 
EXP. 


CROSSOVER CONSTITUTION OR X*S (NUMBERS OF 
OBSERVED ZYGOTES FLIES NOT TESTED IN BRACKETS) 


XXXP^XX^ X^Q^Y XXXP^ XXXP*^Y 

9 gd id lob g sa lob loa 


Not X?/X crossovers 


(a) X- or XY-eggs 
non-Dp 9 9 

IS 

1019 

3149 


non-Dp cfc? 

10476 

1049 

305S 

4134 

(b) XX-eggs 

594 

26 




[i]=o:s 


X^P^-eggs 


12 gs8 


0-eggs 
Y-^s by 
X-sperm 
XX-sperm 
(c) XP/X CTossovers 


16 


1046 
2 pat. 9 9 


X-eggs 4 I cT 

XX-eggs II 2 


[ii]®=o:o 


3084 

[29] —0:0 
102 =0:0 

1 =0:1 

2 =0:1,4 

or 1:4 
[i]?=o:7 
I =1:1 
1 =2:2 

1 =4:4 

[8co]=o:o 
152 =o;o 

2 =o;ior2 

3 =o:3or4 
1 =1012:1 

or 2 


included in 
(a) and (b) 


1149 


[2o6]=o:o 
31 =0:0 


323 


XP/X C.O. with at- 
tached X (diagonal) 
XX- eggs 

XP/X c.o. with free X 
XX-eggs 

(d) X^/X crossoves^ 1 d* 

(e) XXXPd-eggs 

(f) XX-eggs, equational x 


0 2 

2 * 2 

00 O 

1 Ul? 

(tested) 


I =0:0 1 =0:4 

I =0:1 or 2 

[2] =0:3 or 4 I =0:0 

I =0:2 

0 

1 

1 =0:3 [i]? or =0:7 
(see above) 


Tested not X/X crossovers. 
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INTRODUCTION 

P opulations of DrosopkUa pseudoohscura inhabiting isolated 
mountain forests in the Death Valley region are highly variable with 
respect to gene arrangement as well as to gene content of the chromosomes. 
The first article of the present series (Dobzhansky and Qxje.al 1938) 
dealt with the variability of the gene arrangement; the results of obser- 
vations on the genic variation are to be reported here. The source of 
the material and the collecting methods have been described in the pub- 
lication just quoted and need not be repeated, since the same samples of 
flies were used in both studies. Our experiments on the genic variation are 
confined to the third chromosome, although the species has five chromo- 
some pairs. The reasons for this choice are purely technical: presence in 
the third chromosome of favorable gene markers associated with inver- 
sions facilitates the experimentation. Our results are essentially similar 
to those recently published by Stttrtevant (1937) and may be regarded 
as an extension of the latter. We are indebted to Messrs. Edward Held 
and G. T. Rudkin who have shared with us the routine work involved 
in conducting the experiments described in this article. 

DETECTION OF THE CONCEALED GENIC VARL.A.BILITY 

The samples of flies collected in the mountain forests of the Death 
Valley region appeared externally homogeneous. Of course, some indi- 
viduals in these samples were larger and others smaller than the average, 
but such differences, whenever tested, were not inherited. They are due, 
presumably, to variations in the food supply of the larvae in the natural 
habitats. The apparent homogeneity of the samples does not prove how- 
ever that the flies composing them are genetically identical. They may 
carry concealed recessive mutant genes. As pointed out by Tschetweri- 
EOFE (1926), and by many others since then, special genetic methods 
are necessary for the detection of such concealed variability. The method 
which we used is as follows (fig. i). 

Each male collected outdoors (we shall call such males “wild males” 
and their chromosomes “wild chromosomes”) was crossed to two or three 
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females homozygous for the third-chromosome recessives orange (or) and 
purple ipr), eye colors. If the number of wild males from a given locality 
was smaller than the sample desired, single sons of fertilized females 
caught in the same locality were also used. If any of the wild males is 
heterozygous for either or or pr, approximately one half of the offspring 
in the Fi generation will manifest the effects of these mutant genes (table 
4). For the detection of recessives other than or and pr the analysis must 
be carried two generations further. 

Since every wild male has two third chromosomes, the Fi generation 
consists of two indistinguishable (except where the wild male is hetero- 
zygous for or or pr) classes of individuals carrying one or the other of the 
whd third chromosomes. A single male from each Fi culture was crossed 
to females having or, Blade {Bl), Scute (Sc), and pr in one third chromo- 
some, and the “Cuernavaca” inversion in the other (fig. i). Such females 
are phenot)rpically Blade (narrow wing) and Scute (some bristles absent) ; 
the inversion eliminates crossing over between the two chromosomes. In 
the next generation from the above cross three classes appear: wild type, 
Bl Sc, and or Bl Sc pr. The Bl Sc flies carry one wild third chromosome 
and one chromosome with the genes or, Bl, Sc, and pr] every Bl Sc fly 
in each culture carries the division products of the same wild chromosome 
present in the wild male. 

Two or three virgin Bl Sc females were selected from each culture and 
crossed to four or five Bl Sc brothers. Three main classes of individuals 
are expected in the offspring (fig. i). Individuals homozygous for the 
or Bl Sc pr chromosome are inviable because the gene Bl has a recessive 
lethal effect. Another class, or Bl Sc ^r/wild, survives and shows Bl and 
Sc in the phenotype. The third class consists of flies homozygous for a 
wild third chromosome derived from the wild male ancestor; this class is 
most interesting to us. If the wild chromosome in question carries no 
mutant genes, this class is wild type in appearance; if the wild chromo- 
some has a recessive mutant gene, or genes, producing visible external 
effects, the flies must be correspondingly modified; if, finally, the chromo- 
some carries a recessive lethal, or lethals, no adult flies of this class can 
appear. In general, the non-B/ non-Bc flies must manifest the effects of 
any genetic factors that were present in the original wild chromosome. 

The method just outlined for the detection of concealed genic varia- 
bility is complicated by the fact that some crossing over may take place 
between the or Bl Sc pr and the wild chromosomes in the females. The 
possible crossover chromosomes are or, Bl Sc pr, or Bl, Sc pr, or Bl Sc, 
pr, Bl Sc, or pr, and others. It is easy to see that the eggs carrying these 
crossover chromosomes, fertilized by the or Bl Sc pr and wild type sperma- 
tozoa, will produce Bl Sc, wild type, or Bl Sc, Bl Sc pr, Bl, Sc, and or Bl 
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Sc pr individuals. Some of these individuals are homozygous for parts of 
the original wild chromosome, and hence may be normal, modified, or 
inviable, depending upon the genic contents of the respective parts of the 
wild chromosome. The difliculty is, fortunately, somewhat mitigated by 
the fact that the third chromosomes of the populations inhabiting the 
Death Valley region are variable in the gene arrangement. Three gene 
arrangements, known as ‘^Standard,” “Arrowhead,” and “Chiricahua” are 
commonly found (Dobzhansky and Sturtevant 1938, Dobzhansky and 
Queal 1938). Since the or Bl Sc pr chromosome has the Standard gene 



(DIES) 

Figure i. — A scheme of the experimental procedure used to obtain individuals homozygous 
for third chromosomes encountered in vfUd populations. The wild chromosomes are shown in 
black, those of laboratory strains in white. 

arrangement, crossing over in the or Bl Sc pr /wild females can occur freely 
only if the wild chromosome also has the Standard arrangement. The 
frequency of crossing over in the Arrowhead/Standard and Chiricahua/ 
Standard heterozygotes is so low that very few crossover individuals 
appear in the cultures. Furthermore, even if the wild chromosome has the 
Standard gene arrangement, the presence of lethals and other changes can 
be detected. Thus, if the wild chromosome of an or Bl Sc pr/wild female 
carries a lethal in the vicinity of the Bl locus, few or no non-Blade off- 
spring are produced. With a lethal in the left end of the chromosome, for 
example in the vicinity of or, some Blade non-Scute but no Scute non- 
Blade individuals appear in the offspring, and if the lethal is located in 
the vicinity of pr the Blade non-Scute class is small or absent while 
the Scute non-Blade flies survive. 
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As a whole, the method is undeniably less rigorous when applied to 
Standard chromosomes than to those with other gene arrangements, but 
at least the detection of lethals is accurate irrespective of the gene se- 
quence. In the following presentation the Standard wild chromosomes are 
treated separately from the Arrowhead and Chiricahua ones. One must 
also note that, since the detection of lethals is based on the absence of 
certain classes (chiefly the wild type class) in the offspring of the or Bl Sc 
^r/wild by or Bl Sc pr/wM crosses, the method does not discriminate 
between chromosomes having a single lethal and more than one lethal. 

LETHALS 

A total of 849 wild third chromosomes (142 of them having the Standard 
gene arrangement) have been tested for the presence of lethals. These 
849 chromosomes have come from ten samples from as many different 
localities (table i). The average frequency of chromosomes carrying 
lethals proves to be 11.9+0.75 percent. This figure may be compared to 
that obtained by Sturtevant (1937) for the third chromosomes of D. 
pseudoobscura coming from localities scattered widely over the distribu- 
tion area of the species. Sturtevant’s figure is 19.25+1.95 percent, which 

Table i 

Frequency of third chromosomes carrying lethals {in percent). 
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ARRANGEMENT 
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is significantly higher than ours. The explanation of this difference is not 
clear, although one may note that most of the material studied by Sturte- 
VANT came from regions that are more densely populated with Z>. pseudo- 
ohscura than the Death Valley region. In small populations the rate of 
elimination of lethals is expected to be greater than in large ones. Dubi- 
nin and his collaborators have analyzed 3924 wild second chromosomes of 
Caucasian populations of Z). melanogaster and found that 10.45 + 0.30 
percent of them carry lethals. This figure compares favorably with ours, 
but it must be kept in mind that the second chromosome of D. melano- 
gaster composes a greater portion of the karyotype of that species than 
the third chromosome of D. pseudoobscura. On the assumption that the 
mutability per unit of the chromosome length is equal in both species, 
Dubinin's figure indicates a smaller accumulation of lethals in D. melano- 
gaster than in D. pseudoobscura. 

Chromosomes with the Standard gene arrangement have fewer lethals 
than Arrowhead and Chiricahua chromosomes (7.0+1.44 percent and 
12.9+0.85 percent, table i). This difference is even more significant than 
it appears to be since some semilethals are probably included among 
lethals in the data for the Standard and not for other chromosomes (see 
below). Among the separate localities, some appear to have a higher 
concentration of lethals in the fly population than others (compare Lida 
and Coso with Panamint and Awavaz, table i). No population, however, 
has been found to be free of lethals, and the figures for separate localities 
have probable errors so high that the significance of the differences is 
open to doubt. 


semilethals 

As stated above, inbreeding of the or Bl Sc prJWAd. flies is expected to 
produce Bl Sc and wild type offspring in the ratio 2:1 (66.7 percent and 
33*3 percent). Evidently, this expectation can be realized only if the 
viabilities of the individuals homozygous for the wild chromosomes and 
of the or Bl Sc ^r/wild individuals are equal (fig. i). This need not neces- 
sarily be true in practice. If the wild chromosome contains recessive or 
semi-dominant genes that cause a deterioration of the viability of the 
homozygote, the frequency of the wild type class will fall somewhere 
between o percent and 33.3 percent; presence of genes improving via- 
bility would, on the contrary, increase the frequency of the wild type class 
above 33.3 percent. The proportion of wild type flies appearing in the 
offspring of a given cross may serve, then, as a measure of the effects of 
the wild chromosome involved on the viability. Theoretically, the most 
serious limitation of this method is that the viability of each homozygote 
is compared not with that of a common standard type but with that of 



Table 2 

ViabilUy of homozygotes for individual third chromosomes {further explanation in text). 
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the heterozygote for the or Bl Sc pr and the same wild chromosome. Since, 
however, the viability genes encountered in wild populations appear to h% 
recessive this limitation is unimportant. Another limitation is due to the 
fact that the relative viabilities of two genetic types need not be the 
same under all possible environmental conditions; our experiments give us 
information on the viability merely under the conditions in which they 
are carried out. Finally, one could imagine that chromosomes other than 
the third (which is the only one which is being followed) contain genes 
that produce specific interactions with the third chromosome genes; this 
possibility is rather remote, and moreover the repetition of the test crosses 
in the following generation gives rather consistent results (see below). 

The frequency of each class of flies appearing in the offspring of the 
or Bl Sc pr/wild by or Bl Sc pr/w'Ad cultures was determined. Five counts 
were made in every culture, the first being made two or three days after 
the adult flies began to emerge, and the following ones at three day inter- 
vals thereafter. The records for the 849 cultures are far too bulky to be 
published, but one may note that the total numbers of the flies per culture 
fall mostly between 200 and 300, and only very rarely below 100. The 
number of the non-Blade (mostly wild type) flies was expressed in percent 
of the total number of flies in the culture. As stated above, the frequency 
of wild type flies may serve as a measure of the viability of the type homo- 
zygous for a given wild third chromosome. A summary of the data is 
presented in the form of variation series in table 2. This table shows, 
consequently, the number of cultures in which a given percentage (from 
o percent to 50 percent) of wild type flies was observed.^ 

The frequencies of the wild type (or non-Blade) flies in different cultures 
range from o to almost 50 percent. The distribution curve (graphically 
represented for the non-St andard chromosomes in fig. 2) has an interesting 
shape. The zero class, including the lethals, has a frequency of 13 percent 
(see above). Classes above zero but below 14 percent are represented by 

^ The following convention was adopted in computing the values to be entered in table 2. 
If the non-Blade flies composed more than 15 percent of the total, their frequency was entered 
directly. If they amounted to less than 15 percent, indicating that the culture in question carries 
a lethal or a semilethal, their origin was examined further. With a lethal lying in the chromosome 
far from the locus of Bl^ some non-BZ flies appear as a result of crossing overj the non-BZ flies, 
however, may also represent the surviving homo^gotes for a third chromosome carrying a semi- 
lethal. In the former case the wild types are vigorous and normal in appearance, in the latter they 
usually are weak and abnormal. The non-B/ crossovers were disregarded and the surviving homo- 
zygotes counted. In case of doubt further tests were made by breeding the presumed crossovers 
and examining other crossovers appearing in the same culture. In cultures where the wild chromo- 
some has a gene arrangement other than Standard such tests yield conclusive results, but where 
Standard is involved the surviving semilethal homozygotes are easily confused with the ntuner- 
ous crossovers. This consideration probably explains the fact that no semiiethals in Standard 
chromosomes are recorded in table 2. If they were present in the material, they are included 
among the complete lethals (class o). 
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26 cultures, or 3.7 percent of the total. These may be called the semi- 
lethals. Classes from 14 percent to 18 percent are not represented, and 
those from 18 percent to 50 percent form an apparently regular probability 
distribution with a mode in the 32 percent to 34 percent class, that is, 
around the theoretically expected value of 33.3 percent. 

The distinction between the lethals and the semilethals as classes is 
not a sharp one. Chromosomes that in one generation produce a few 
surviving homozygotes, and are therefore classed as semilethals, may 
in another test produce none, or vice versa. This is a conamon experience 
in Drosophila genetics, particularly in mutation studies. Among the 849 



Figure 2 . — The percent of wild type flies obtained in cultures in which these flies are homozy- 
gous (solid line) and hetero^gous (dotted line) for individual third chromosomes encountered in 
wild populations. Horizontal axis—percents of wild t3^e flies; vertical axis — ^percents of cultures 
in which a given frequency of wild type flies has been observed. Further explanation in text. 

chromosomes tested, 127, or 15 percent, carry lethals or semilethals. 
Therefore, only 72.25 percent of flies in natural populations may be ex- 
pected to be free of lethals, 25.50 percent to carry a lethal in one third 
chromosome, and 2.25 percent a lethal in both third chromosomes. The 
last class survives provided the two lethals are not alleles, which is fre- 
quently the case. 

MINOR VARIATIONS IN THE VIABILITY 
The part of the curve extending from 18 percent to 50 percent resembles 
a probability distribution (table 2, fig. 2). The variation within these 
limits may be due either to chance deviations from the expected value of 
33.3 percent, or to presence of genetic factors causing minor deviations 
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from the “normal” viability, or to both. It is important to discriminate 
among these possibilities. If the frequency of the wild type class is deter- 
mined by counting 200 flies, the probable error of the expected frequency, 
33.3 percent is ±2.25 percent. Since the average number of flies per cul- 
ture in our experiments was greater than 200 (see above), the observed 
variance of the curve is too large to be accounted for by sampling errors 
only. This fact alone makes it probable that genetic modifiers of the via- 
bility are involved, the more so since values between 18 percent and 26 
percent and between 40 percent and 50 percent are not uncommonly 
obtained in cultures producing more than 200 flies. Further experiments 
were made to test the validity of this inference. 

Up to this point we have discussed the results of the intercrosses of the 
or Bl Sc ^f/wild individuals obtained in the offspring of the or pr/wHd 
by or Bl Sc ^r/Cuernavaca crosses (fig. i). It may be noted that, disre- 
garding the occurrence of crossing over, the Bl Sc individuals appearing 
in the last generation represented in figure i are identical in genetic 
constitution with their Bl Sc parents (that is, the constitution is or Bl Sc 
pr/wiLd). If we intercross them, the offspring is expected to consist again 
of 33.3 percent wild type and 66.7 percent of Bl Sc individuals. If, how- 
ever, the wild chromosome involved in a given experimental culture 
carries genes decreasing or increasing the viability of the homozygotes 
compared to the average, the same deviations from the expected values 
may occur in both generations in each line. In other words, the presence 
of genes modifying the viability will manifest itself in a positive correla- 
tion between the frequencies of the wild type individuals obtained in the 
succeeding generations. Contrariwise, if the probability distribution 
shown in figure 2 is due to environmental variations or to sampling errors, 
there will be no correlation between these frequencies. 

The amount of labor involved in raising one more generation for every 
one of the 849 chromosome-lines studied seemed to be prohibitive. As a 
compromise, the samples from Coso, Panamint, and Charleston moun- 
tains were selected and the experiment made with them. Moreover, since 
the Standard wild chromosomes are likely to be broken up by crossing 
over in the first generation, they were disregarded, and only the Arrow- 
head and Chiricahua chromosomes were used. The distinction between 
the Standard chromosomes and others is, of course, clear from the ratios 
observed in the first generation, since the former produce many more 
crossovers than the latter. The results may be represented best in the 
form of ^correlation tables in which the frequencies of the wild type 
(non- 5 Q individuals obtained in the first generation (that is, the last 
generation shown in fig, i) are indicated on one axis and the frequencies 
of the same class of individuals in the second generation on the other axis. 
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Figure 3 is such a correlation table for the combined data for the samples 
from the three localities mentioned above. 

The two upper and lower left quadrants into which the correlation 
table shown in figure 3 is divided are indicative of the variable effects of 
some of the lethals and semilethals. Thus, one may see that one of the 
strains which in the first generation produced no wild type individuals, 
and hence was classed as containing a lethal, has produced between ten 



Figure 3. — Percent of wild type flies produced in a given line in two 
subsequent generations. Further explanation in text. 


and twelve percent of wild types in the second generation, passing over 
into the semilethal class. Conversely, three of the strains behaved as 
lethal bearing in the second but not in the first generation. 

Most important for our purposes is, however, the lower right quadrant 
of figure 3, containing the records for the strains that have produced 
more than 18 percent of wild type individuals in both generations. This 
quadrant may be treated as an independent correlation table, and com- 
puting the numerical value of the correlation coefl&cient according to the 
Bravais formula we obtain r== +0.3794: 0.062, that is, a distinct positive 
correlation. The table shown in figure 3 contains, as stated above, the 
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combined data for the Coso, Panamint and Charleston samples. Taking 
the samples separately, the correlation coefficients are r= +0.220+0.11 
for Coso, +0.517 + 0.094 for Panamint and +0.451 + 0.101 for Charleston. 
Except in the Coso sample, the positive correlation is undoubtedly sig- 
nificant. It follows that the variations of the frequencies of the wild type 
individuals in our experiments are in part due to genetic causes, and con- 
sequently, in natural populations, the third chromosomes may contain 
not only lethals and semilethals but also genes producing relatively minor 
viability effects. 

The question that immediately presents itself is how frequent are 
chromosomes carrying such minor viability changes? In attempting to 
answer this question a difficulty is encountered. A ^^change” logically 
presupposes a standard of comparison; in treating of viability changes an 
implied assumption is made that the viability of the experimental strain 
is compared with that of a strain endowed with a certain “normal” 
viability. But what is the normal viability of Drosophila pseudoobscura? 
That of the Blade Scute flies is not necessarily normal, since these flies 
carry the two dominant mutant genes just named, and the mutants 
frequently reduce the viability of their carriers. Evidently, the normal 
viability must be looked for elsewhere. 

THE “normal” viability 

Our experiments were designed to produce flies homozygous for indi- 
vidual third chromosomes present in wild populations. Herein lies an 
important difference between the wild type flies obtained in the experi- 
mental cultures and the wild flies living outdoors. Certainly, individuals 
homozygous for the descendants of a given chromosome may occasionally 
be produced in nature as well as in experiments, but, except in very 
small and highly inbred populations, such individuals are probably not 
very common in natural habitats. Provided many chromosome types 
differing in gene content are present in a population, and provided inter- 
breeding of members of different families takes place, most wild flies 
ought to be heterozygous for unlike chromosomes of each kind. The 
viability of such individuals may, then, serve as a fair standard of com- 
parison. It is easy to produce such individuals experimentally. 

Instead of intercrossing the or Bl Sc pr/s^d females and males coming 
from the same culture (fig. i), one may make similar crosses using fe- 
males from one culture and males from another. Since in every culture the 
descendence of one particular third chromosome is perpetuated, the wild 
type individuals obtained in the offspring of such a cross will necessarily 
have two third chromosomes of different origin. To make the experimental 
conditions approach as nearly as possible the natural ones, the crosses 
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were made between different lines derived from the same locality. Thus, 
if our fly samples had come from inbred populations, the chance of 
obtaining homozygotes instead of heterozygotes would be equal to the 
chance of such a happening in nature. Moreover, in order to test the 
recessiveness of the lethals the experiment was subdivided into two parts: 
in one the flies were obtained free of lethals, and in the other fldes were 
made heterozygous for two lethal-bearing chromosomes. 

In the offspring of both types of crosses a segregation in the ratio 
66.7 percent Bl 5 c: 33. 3 percent wild type is expected, provided, of course, 
that the viability of the wild type is equal to that of the Bl Sc flies. (In 
order to avoid complications due to crossing over, chromosomes with the 
Standard gene arrangement were not used in these experiments.) The 
results are summarized in table 3. The proportion of wild types varied in 
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ViahilUy of types heterozygous for two different third chrotnosomes extracted from wild populations. 
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different cultures from 25.8 percent to 49.2 percent, the mode falling in 
the 34 percent to 36 percent class. The distribution curve is represented 
in figure 2. 

The curve for the heterozygotes, although broadly overlapping that for 
the homozygotes, is displaced toward the right (fig. 2). Hence, the average 
viability of the types homozygous for third chromosomes found in wild 
populations is lower than that of the presumed heterozygotes. The mean 
frequencies of the wild types for heterozygotes and homozygotes are 
35'S2±o-2o percent and 32.58+0.12 percent respectively. In computing 
these figures only Arrowhead and Chiricahua chromosomes were used, 
and the parts of the distribution involving the lethals and semilethals 
(table 2, fig. 2) were disregarded. 

An analysis of these figures leads to interesting conclusions. The fre- 
quency of the wild type class in the cultures where this class is, by defini- 
tion, endowed with “normal” viability is 35,52+0.20 percent, that is, sig- 
nificantly higher than the theoretically expected frequency of 33.33 percent. 
The origin of this discrepancy is clear enough. In these cultures the “nor- 
mal” viability of the wild-t3q)es is measured against that of theB 15 c class, 
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hence the discrepancy is due to adverse effects on the viability of the two 
dominant genes, Bl and Sc. On the other hand, in the cultures in which 
the wild type flies are homozygous for the wild third chromosomes the 
average frequency of these flies is 32.58 ±0.12 percent, that is, just signifi- 
cantly below 33,33 percent. It follows, then, that the average reduction 
of viability produced by homozygosis for wild third chromosomes is slightly 
greater than that caused by the simultaneous presence of the two mutant 
genes, Bl and Sc. Although these mutants are considered, as mutants go, 
fairly ^^good,” both of them produce, in heterozygous condition, rather 
drastic modifications of the appearance of the fly, and would hardly be 
expected to persist in the natural state. 

The conclusion follows that, aside from the wild third chromosomes 
carrying lethals and semilethals, a considerable proportion of these 
chromosomes contains recessive genetic factors that decrease the viability 
to a greater or lesser extent, the average being comparable to the com- 
bined effects of Bl and Sc. How great is the proportion of such chromo- 
somes in the populations studied can be answered only as a rough approxi- 
mation. The difficulty is that the chromosomes carrying deleterious genes 
do not form a clearly delimited group but overlap the ^^normal viability” 
distribution. To arrive at some estimate, we may use the correlation table 
shown in figure 3, which contains data for 188 chromosomes which in two 
generations have given more than 18 percent of wild type flies in the cul- 
tures, and consequently are free from lethals and semilethals. Among 
these, 82 chromosomes have given in both generations less than 34 per- 
cent of wild type flies, which may be taken as evidence of the reduction 
of the viability of the homozygotes. Although some of the lines might have 
twice produced low ratios due to chance alone, there must be others with 
a real reduction of the viability that in one or the other generation have 
also by chance given a normal ratio. Since the total number of the chromo- 
somes is 211 (fig. 3), the 82 form 38.9 percent of the total. This is the ap- 
proximation sought for. 

An examination of table 2 and of figures 2 and 3 shows furthermore that 
in some cultures the frequency of wild types is above 40 percent of the 
total. This suggests that some wild chromosomes are not only free of dele- 
terious recessives, but even carry genetic factors improving the viability 
of the fly above the average for either homozygotes or heterozygotes, at 
least under the environmental conditions prevalent in our experiments. 
In figure 3 we find that 4 cultures among 21 1 gave more than 40 percent 
of wild types in two generations, which suggests that about 1.9 percent 
of wild third chromosomes carry favorable viability genes. We may 
emphasize again that we have no illusions as to the accuracy of these 
estimates, although we are inclined to regard them as minimum ones. 
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Our experiments were planned to detect concealed recessive viability 
factors present in wild populations. Since recessiveness and dominance 
are relative one may inquire whether the factors detected are completely 
or only partly recessive. This question is least difficult to decide where 
lethals are involved. As mentioned above, the experiment with the 
heterozygotes for two different wild chromosomes was subdivided in two 
parts, in one of which the intercrossed Bl Sc flies were free of lethals in 
the third chromosome, and in the other both parents carried non-allelic 
lethals (table 3). Consequently, the wild types obtained in the first series 
carry no lethals, and the Bl Sc flies carry only Bl. In the second series the 
wild types are heterozygous for two lethals, and the Bl Sc flies for only 
one (disregarding Bl). If the lethals are incompletely recessive, the propor- 
tion of wild t3q)es in the cultures of the first series should be higher than 
in the cultures of the second series. Computing the average frequency of 
wild types from the data presented in table 3, we obtain the figures 
36.18+0.31 percent and 34.72 + 0.23 percent for the first and second 
series respectively. The difference is 1.46 ±0.39 percent, which is statisti- 
cally significant. Taken at their face value, these data indicate, then, an 
incomplete recessivity of at least some lethals. This question needs further 
study; the intercrosses involving lethals were not done simultaneously 
with those free of lethals, hence the results obtained may be due simply to 
environmental variations over a period of two or three months. 

MODHTERS OE T3ai: DEVELOPMENT RATE 

As stated above (p. 469), five counts, spaced at three day intervals, 
were made in every culture containing the or Bl Sc prf'mlA. by or Bl Sc 
^r/wild crosses. The cultures were kept in an incubator at 24.s°C, the 
environment having been made as homogeneous as possible. In examining 
the records thus obtained we have made the following observation. In 
some cultures the proportion of the wild type flies in the first count was 
very much below the expected frequency of 33.3 percent, and sometimes 
no wild types at all were obtained; but in the later counts in the same cul- 
tures the frequency of wild types rose much above 33.3 percent. Other 
cultures produced an excess of wild types in the first count, followed by a 
deficiency in the later ones. It is especially common for the cultures con- 
taining semilethal third chromosomes to produce some wild type flies in 
late counts only. 

This observation suggested that some wild third chromosomes carry 
genetic factors which, in homozygous condition, produce either a slowing 
down or a speeding upt of the development of the fl^y. Indeed, if the develop- 
ment rate of the homozygotes is low, a deficiency of wild types must be 
observed in early and an excess in late counts; if the wild type flies develop 
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faster than their Bl Sc sibs, an excess of the former must be observed in 
early counts and a deficiency in the late ones. 

To test this hypothesis the following procedure was applied. A devia- 
tion from the expected ratio of wild t3^es in any count may be due 
either to chance or to a modification of the development rate; in the 
former case the observed deviation is just as likely to be followed in a 
later count by a deviation of the same or of the opposite sign. But if 
modifiers of the development rate are present, deficiencies of wild types 
in early counts must be followed by excesses in later ones, or vice versa. 
In other words, the presence of modifiers will manifest itself in a negative 
correlation between the proportions of the wild types observed in different 
counts. The problem becomes more involved due to the presence of 
viability modifiers in our material: the ratios of the wild types to Bl Sc 
observed in different counts in individual cultures are bound to show a 
positive correlation, which may conceal the negative one produced by the 
modifiers of the development rate. To eliminate this source of error, a 
correction must be introduced in the data. 

The observed percentages of the wild types in the first and in the third 
counts were computed for cultures carrying no lethals or semilethals 
giving less than 5 percent of wild types in total counts. The expected 
ratio of wild types, that is, 33.3 percent, was divided by the ratio of wild 
types observed in the total counts in a given culture; the figure thus 
obtained is the correction factor for the culture in question. The observed 
frequencies of the wild types in the first and the third counts were then 
multiplied by the correction factor, and the products entered into the 
correlation tables. The correlation coefl&cients for the samples studied are 
as follows: 

Panamint r= “-0.255 + 0.103 Sheep Range r= —0.385 + 0.100 

Kingston r= —0.467 + 0.104 Providence r== —0.318 + 0.102 
Charleston r=— 0.420+0.095 

All the correlation coeflSicients are negative. It may be noted that the 
correlation is determined between ratios observed in the first and the third 
counts only, the cultures that make the correlation negative are those in 
which the deficiency or excess of wild types observed in the first count has 
already been replaced by the opposite condition in the third count. Yet, 
some chromosomes slow down the development to such an extent that the 
wild types appear in greatest numbers only toward the end of the life of 
the culture, in the fourth or fifth counts. Such cultures weaken the nega- 
tive correlation observed instead of strengthening it. 

An independent evidence for the existence of modifiers of the develop- 
ment rate was secured by a different method. The samples from Panamint, 
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Charleston, and Coso mountains were tested in two generations (see above). 
It is evident that if genetic modifiers of the development rate occur, 
similar deviations from the expected ratios of wild types are to be expected 
in corresponding counts in both generations. Contrariwise, if the deviations 
are due to random sampling, the sign of the deviation in one generation 
will bear no relation to that in the next one. In other words, genetic 
modifiers must produce a positive correlation between the frequencies of 
the wild t3T>es in the corresponding counts in the two generations. These 
frequencies were computed for the corrected first and the third counts in 
the Panamint and Charleston samples. The correlation coefficients are as 
follows: 

First count Third count 

Panamint r= +0.31 ±0.122 r= +0.05 + 0.133 
Charleston r = +0.63 + 0.085 r= +0.42 + o. 1 13 

Except for the third counts in the Panamint sample, a positive correla- 
tion is undoubtedly present. The existence of recessive modifiers of the 
development rate is established. What proportion of the chromosomes 
in wild populations carry such modifiers cannot be estimated even ap- 
proximately from the data now available; one of us is planning to under- 
take special experiments to elucidate this question. For the time being 
one may note that cultures suggesting presence of these modifiers have 
been encountered in the populations of flies from every one of the ten 
localities studied. Flies homozygous for wild third chromosomes develop 
in some cultures slower and in others faster than their Bl Sc sibs. This 
shows that modifiers slowing down the development, as well as those 
speeding it up, are encountered in wild populations, although in looking 
over the data an impression is gained that retardations are decidedly 
more common than accelerations. In general, the chromosomes containing 
semilethals or genes reducing the viability mostly cause also retardations 
of the development. This rule is, however, by no means free of exceptions. 
Some semilethal homozygotes hatch early, and some slowly hatching 
types finally emerge in large numbers. The fast hatching types usually 
have a good viability, but at least one exception has been found. 

MUTATIONS PRODUCING VISIBLE EXTERNAL EFFECTS 

The genetic variability discussed so far concerns so-called physiologi- 
cal characters, vitality and development rate. Wild populations also 
carry some recessive mutants producing alterations of the external appear- 
ance of the fly. Of course, there is no sharp dividing line between 
‘^physiologicaF’ and ^^moiphologicar^ variations. Most of the flies homo- 
zygous for semilethals are small or otherwise abnormal in appearance, 
so that these semilethals might just as well be classed as “visibles.^^ 
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In our experiments wild males and single sons of wild females were 
crossed to females homozygous for the third chromosome recessive eye 
color genes orange and purple (fig. i). In some cultures one half of the 
offspring showed one or the other of these mutant characters, proving 
that the father was heterozygous for it. Purple has been found in five 
chromosomes from three localities and orange in a single chromosome 
(table 4).® 


Table 4 

Occurrence of the miiUints purple (pr) and orange (jor) in wild populations. 


LOCALITY 

CHROMO- 

SOMES 

TESTED 

pr 

or 

LOCALITY 

CHROMO 

SOMES 

TESTED 

pr 

or 

Lida 

132 

— 

— 

Awavaz 

52 

I 



Coso 

298 


— 

Kingston 

246 

— 

I 

Cottonwood 

244 

— - 

— 

Charleston 

238 

2 

— 

Grapevine 

144 

— 

— 

Sheep Range 

242 

— 

— 

Panamint 

272 

2 

— 

Providence 

274 

— 

— 


In the critical generation of our series of crosses (the last generation 
shown in fig. i) the non-SZ Sc flies in some cultures manifested various 
peculiarities, suggesting the presence in the wild third chromosomes of 
mutant genes with visible external effects. All suspected mutants were 
tested for inheritance. Nevertheless, we do not feel that our data on the 
frequency of the visibles are accurate. Aside from the fact that some mu- 
tants may have been overlooked (we do not claim to be good mutation 
finders), some cultures apparently contained genetic changes that mani- 
fest themselves only in a part of the flies carrying them. The progeny 
tests were not extensive enough, and some cultures were discarded if they 
failed to show the mutant character in one generation; a part of them 
might have contained real mutants. The number of chromosomes carrying 
undoubted mutants is shown in table 5. The semilethals that produce in 

2 Orange, purple, the second chromosome recessive cinnabar, and certain other mutants 
appear to be rather common in wild populations of D. pseudoobscura inhabiting the western part 
of the species area. In the experiments of Dr. A. H. Stuetevant and others in this laboratory, 
these mutants have appeared in the stock cultures of the following Hues, mostly a few generations 
alter these lines were established from wild ancestors. Orange, Race A: Lake Okanagan-8, 9 
(British Columbia), Dunsmuir-4, Lassen-16, Banner- 10 (California); Race B: Ol3nnpic-s, The 
Dailes-7 (Washington), Klamath-5, Sequoia Park-16, 17 (California). Purple, Race A: Chelan-3, 
7, 12 (Washington), Cinnabar; Race A: Dollar Lake-3 (California); Race B: Humboldt-5, 
Lassen-12, 17, 18, 20 (California), It has to be kept in mind that fewer cultures were examined 
from all these localities combined than from the Death Valley region alone, and that no special 
crosses for the detection of mutants were made. In more extensive material from the region east 
of the Sierra Nevada — Cascades Mountains orange was found only once (Santa Catalina-6, Ari- 
zona). 
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homozygous condition some external abnormalities are not included in 

this table. 


Table 5 

Number of wild third chromosomes carrying visibles. 


LOCALITY 

CHROMO- 

SOMES 

TESTED 

NUMBER 

OE 

MUTANTS 

LOCALITY 

CHROMO- 

SOMES 

TESTED 

NUMBER 

OE 

MUTANTS 

Lida 

55 

0 

Awavaz 

23 

1 

Coso 

124 

3 

Kingston 

10 1 

7 

Cottonwood 

93 

3 

Charleston 

103 

2 

Grapevine 

56 

I 

Sheep Range 

90 

2 

Panamint 

105 

5 

Providence 

99 

7 


Among the 849 chromosomes tested, 30 chromosomes, or 3.5 percent, 
contained visibles. The salient characteristics of some of the mutants 
are described below. 

A weak allelomorph of purple. Found in five chromosomes from Kingston 
and in one chromosome from Awavaz mountains. Flies homozygous for 
this gene are similar to the wild type, the eye color being only very 
slightly purplish. The heterozygotes carrying weak purple in one chromo- 
some and purple and orange in the other have an eye color intermediate 
between that found in the homozygous purple and in wild type; in the 
males of this genetic constitution the testicular envelope is yellowish 
orange, instead of bright red as in wild type or transparent as in homo- 
zygous purple. Flies homozygous for orange and heterozgyous for purple 
and for weak puiple have bright yellow eyes, instead of the bright red 
ones which appear in the absence of weak purple. Classification of weak 
purple is reliable only in flies homozygous for orange. The former may 
be described as a weak wild type allelomorph which is only incompletely 
dominant over the mutant purple. The occurrence of such an allelomorph 
in wild populations is of interest in connection with the general problem 
of the origin of dominance. Furthermore, it should be noted that 35 wild 
third chromosomes with the standard, and 66 chromosomes with other 
gene arrangements were analyzed in the sample from the Kingston Range, 
and that weak purple has been found five times in the former and not at 
all in the latter. Therefore, about one-seventh of the Standard chromo- 
somes in this locality carry weak purple. In aU other samples studied by 
us weak purple has been encountered only once, namely in a Standard 
chromosome from Awavaz. It is virtually certain that the five Kingston 
chromosomes canymg weak purple are of a common origin, and hence 
this mutant is for some reason spreading in the population inhabiting this 
locahty* Whether the single chromosome found in the Awavaz population 
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is derived from the same source as the Kingston findings is an open 
question. 

Short wings. The wing is about one fifth shorter than normal, the tip is 
somewhat rounded. Found four times in the sample from Providence 
mountains, and once in Coso. Three of the Providence mutants proved 
to be allelic to each other but not to the fourth. The Coso mutant has 
not been tested. Although the visible effects of these mutants are so 
slight that they may be easily overlooked, their triple occurrence in the 
Providence sample is suggestive. 

Dwarfish, Fly smaller than normal in size. This type of mutant is co mm on 
in wild populations, but body size is so much influenced by environmental 
conditions that the classification is not accurate. Found once in each Cot- 
tonwood, Panamint, Sheep Range, and Providence, and twice on King- 
ston Range. Allelism not tested. Some of the semilethals appear also as 
dwarfs, but they are not included in the above count. 

Short or thin bristles. This is another common mutant type, which is even 
more easily overlooked than dwarfishness, since small bristles are fre- 
quently produced as a modification. It was found once in Coso and Grape- 
vine, and twice in Panamint. 

Polished body. The body surface, except for the intersegmental membranes, 
is shiny, with a slight metallic lustre. Wings spoon-shaped, rather opaque. 
All bristles and the microchaetae are present, so that the alteration of the 
appearance of the body surface must be due to a change in the micro- 
structure of the chitin. Viability is normal. This excellent mutant has 
been found in a single chromosome in Charleston, 

Plexus venation. A rather extreme allelomorph of plexus first discovered 
by Sturtevant (Sturtevant and Tan 1937) in a wild strain from British 
Columbia. Ours was found in one chromosome from Providence. 

V estigial 4 ike. Wings are notched or reduced in various degrees. In some 
individuals wings are normal in length but have nicks or notches on the 
tip or on the inner margin; in others the notching is so extensive that the 
wing resembles antlered or strap; in still others it is vestigial. The eye 
shape and size vary from nonnal to very small and knob-like. The scutel- 
lar bristles are normal. The phenotype of this mutant strikingly resembles 
that of the sex-linked recessive recently found by Sturtevant (unde- 
scribed), albeit ours is located in the third chromosome. The two are not 
allelomorphs. This is one of the best examples of mimic mutants on record. 
The variations in the wing shape are observed even in flies hatching in 
the same culture; they parallel most of the known allelomorphs of the 
gene vestigial in D. melanogaster. This mutant was observed in a single 
chromosome from Providence. 

Curved 4 ike wing. Resembles the mutant curved described by Sturtevant 
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and Tan (1937). Homozygotes are sterUe, but whether the sterility is due 
to an accessory effect of the curved locus or to a separate gene is unknown. 
The of Curved and curved-like has not been tested. The mutant 

was found in one chromosome from Charleston. 

Cnrly-like wing. Wings are curled upwards and held divergent from the 
body. Some bristles on the head, thorax, and scutellum are absent, the 
bristle pattern is irregular, asymmetry is frequent. This was found in one 
chromosome from Cottonwood. 

Abnormal abdomen. The chitin of the abdominal sclerites is thin and soft. 
In extreme specimens the whole abdomen appears covered by interseg- 
mental membrane, and is therefore rounded and shriveled. Homozygotes 
are sterile. This was found in one chromosome from Panamint. 

Chlorotic body color. Color yeUowish-brown, turning a translucent greyish- 
yellow where chitin is thin. Wings yellowish, somewhat opaque. Homozy- 
gotes are sterile. The mutation was found in one chromosome from 
Panamint. 

Wavy wings. The wing surface is uneven, the tips of the wings frequently 
turned upwards (like jaunty of D. melanogaster) or downwards (like arc). 
Probably non-aUelic mutants of this type were found in Coso, Cotton- 
wood, and Sheep Range, one chromosome in each. Here belong also two 
somewhat doubtful mutants from Providence and Panamint. 

The above data, though not as extensive as one may wish, are sufl&cient 
to show that wild populations carry a variety of recessive genes with 
visible external effects, ranging from relatively slight “minor” to sharp 
“major” changes. 

CONCLUSIONS 

The external uniformity of wild populations of D. pseudoobscura is 
spurious, since it conceals a wealth of recessive variations carried in 
heterozygous conditions. In the populations from the Death Valley region, 
1 1.9 percent of wild third chromosomes carry lethals, 3.1 percent semi- 
lethals, about 39 percent deleterious genetic factors having too slight 
effects to be classed as semilethals, and about 2 percent carry factors 
increasing the viability above the average. Furthermore, no less than 3.5 
percent of the wild third chromosomes contain recessive mutant genes 
with visible external effects, and a fraction which we cannot yet estimate 
quantitatively contain genes modif3dng the development rate. It is very 
probable that further studies would detect also genetic variations affecting 
other characteristics, such as fertility, length of life, etc. The ten samples 
from different localities all behaved essentially alike, giving us reason to 
believe that the conditions found in these samples are universal, at least 
for wild populations of D. pseudoobscura. 
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Certain biologists have put forward assertions that genetic variations 
of the mutation type are laboratory products, and do not occur at all, or 
at least are very rare and “abnormal,” in natural state. Such assertions 
have become absolutely untenable after Tschetwerikoff, Timofeefp- 
Ressovsky, Dubinin and his collaborators, Gordon, Sturtevant, and 
others have shown that wild populations of various species of Drosophila 
carry numerous recessive mutants in heterozygous condition. Now we 
may go even further. Certainly more than 50 percent of wild third chromo- 
somes in D. pseudoobscura carry recessive genetic variations. If other auto- 
somes of this species behave like the third, and preliminary experiments 
of Sturtevant (1937) suggest that this is the case, very few wild indi- 
viduals can be free of mutational changes. 

Such a situation is not as unexpected as it may seem. Indeed, the well 
known theory of inbreeding and heterosis advanced by G. H. Shull, 
East, and Jones implies that most individuals of a cross-breeding species 
carry some deleterious recessives in heterozygous condition. Our observa- 
tions constitute perhaps the best evidence on record in favor of this theory. 
Evidently, the “normal” viability of a species is largely a result of hetero- 
sis. This raises numerous problems regarding the mechanisms operating 
in wild populations to maintain these heterosis effects. The question that 
is most pressing is how frequently are individuals homozygous for the 
deleterious recessives produced in nature? This, evidently, depends upon 
the frequency of a given lethal or semilethal in a population. An appropri- 
ate study is under way, and its results will be reported separately. 

The great frequency in wild populations of genetic factors producing 
slight deleterious effects has an interesting analogy in certain experimental 
results of Timoeeeef-Ressovsky (1935). This investigator has shown that 
X-ray treatment of D. melanogaster induces lethals, semilethals, as well 
as mutations with relatively minor deleterious effects, the last class of 
mutations being about twice as frequent as the lethals and semilethals 
combined. The method of the detection of these mutants used by Timo- 
eeeee-Ressovksy was essentially the same as ours, namely observations 
on ratios of certain classes of flies appearing in experimental and in control 
cultures. The curves published by him (loc cit, fig. 3) have a striking 
resemblance to those represented in our figure. 2. The difference is that 
TmoFEEFE-RESSOVSKY’s curve for treated chromosomes has the same 
mode as the control curve, while our curve for the homozygotes is dis- 
placed in the minus direction compared with the curve for the hetero- 
zygotes. Timofeeff-Ressovsky could probably obtain the same result 
by treating his flies with X-rays repeatedly in several consecutive 
generations. 
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1. Samples of wild populations of D. pseudoobscura inhabiting mountain 
ranges in the Death Valley region are externally homogeneous. A technique 
for the detection of concealed, genetic variability in the third chromosome 
is described (pp. 465, fig. i). 

2. Among the 849 wild third chromomes tested, 11.9 percent carry reces- 
sive lethals and 3.1 percent semilethals. There is no sharp distinction 
between these classes, hence one may state that 15 percent of the wild 
third chromosomes contain genes that in homozygous condition destroy 
their carriers as an effective part of the breeding population. 

3. The viability of individuals carrying two third chromosomes of 
different origin is defined as “normal.” About 39 percent of wild third 
chromosomes contain factors that reduce the viability below normal, and 
about 2 percent factors that raise it above the average. 

4. No less than 3.5 percent of the wild third chromosomes carry reces- 
sive mutant genes with visible external effects. A part of the mutants 
found in our experiments are allelomorphs of previously known types, 
and others are new. 

5. A quantitatively not yet determined fraction of the wild chromo- 
somes carries modifiers of the development rate. Both retardations and 
accelerations of the development are observed, the former more frequently 
than the latter. 

6. The ten population samples studied have come from an equal num- 
ber of different localities. Nevertheless, they all showed a frequency of 
concealed genetic variations of the same order of magnitude. This, in 
conjunction with similar data of Sturtevant (1937), leads us to believe 
that the conditions found in our material are universal for populations of 
D. pseudoobscura. 
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INTRODXJCTION 

S HORT A chromosomes are associated with the nucleolus in most 
wild and cultivated tomatoes but cultivated races with long A 
chromosomes occur commonly. A third and new t37pe of A chromosome, 
much longer than the long A, was found in the summer of 1937. It is called 
“very long A.” Both the long A and the very long A chromosomes have 
increased in size by large additions to the satellite end. That the increase 
is chiefly due to increased satellite size can best be seen in young micro- 
spores in the resting condition. At this stage the satellite remains thick 
and deeply stained while the rest of the chromosome is slender and pale. 
The same contrast between the satellite and the rest of the chromosome is 
evident in somatic divisions, but in meiosis the satellite can only be dis- 
tinguished from the rest of the A chromosome by the position of the attach- 
ment constriction which is at or near the base of the satellite in all three 
types of A chromosome. Except for satellite size, long A and short A races 
cannot be distinguished somatically. The chromosome size of each parent 
is maintained in Fi and Mendelian segregation has been shown to occur 
(Lesley and Lesley 1935). 

The earlier literature on change in satellite size is discussed in the paper 
just referred to. Dobzhansky (1935) found that in Drosophila pseudoob- 
scura the absolute and relative lengths of the two limbs of the Y chromo- 
some vary, giving rise to six c3d;ologically recognizable types of Y and 
that: “The morphological and physiological properties of a given strain 
are apparently not affected by the type of Y chromosome present in that 
strain.” Dobzhansky and Boche (1933) suggest that the other types of 
Y chromosome may have been derived from the longest V-shaped type by 
loss of a part of a limb. In tomato the reverse is true. Both the Y chromo- 
some in D. pseudoobscura and the A chromosome in tomato are associated 
with the nucleolus and the change in size is due to changes in amount of 
genetically inert material. 

ORIGIN OF “very LONG a” CHROMOSOME 

The new type of A chromosome, very long A, appeared in the Fs from 
a cross between two long A races. It is probably of recent origin, since it 
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had never been observed before, and both parents were known to have two 
long A chromosomes. The pedigree of the race with very long A chromo- 
somes (37.010) is as follows: 

33.o4S.69X34-030.2->3S.o56.i(Fi)-^37.oio(F2). 

Of the 16 plants of population 37.010 which were examined for chromo- 
some size, 10 had one long and one very long A chromosome, 5 had two 
long, and one, 37.010.10, had two very long A chromosomes. Since both 
parents, 33.045.69 and 34.030.2, were known to have had two long A 
chromosomes, and since 37.010 is clearly segregating for the very long A, 
the addition of satellite material must have occurred at some cell division, 
probably during meiosis, in one of the Pi parent plants. 

Chromosome distribution during meiosis is about as normal in 37.010 
as in short A or long A races. Unfruitfulness is also independent of chromo- 
some size. It will be seen from table i that, in 37.010, a plant with one very 
long A chromosome may have very good pollen and be relatively fruitful 
as compared with long A long A plants; even 37.010.10 had several fruits 
each containing a few seeds. In appearance this plant was very much like 
37.010.13 with two long A chromosomes, and 37.010.39 and 37.010.42, 
with one long and one very long A. Plant characters seemed to be deter- 
mined by segregation of genes rather than by difference in chromosome 
size. 

ETPECT ON POLLEN 

The chromosomes of 37.010 were first examined because the whole 
population was very unfruitful, whereas, in other populations used for a 
study of male sterility, only the male-sterile plants were unfruitful. Table 
I shows that in 37.010 all plants, except male steriles (marked o), had at 
least one-fourth to one-half good-looking pollen in July. On September 22, 
the pollen was nearly all aborting at an early stage, but on October 4 
several plants had much more good poUen than they had in September. 
The same type of variation occurred to a lesser extent in the extremelv 
fruitful population 37.011, in which even the male-sterile plants were as 
fruitful as most plants capable of having much normal-looking pollen in 
population 37.010. The pollen abortion was probably due to the great 
mid-September heat in both cases. Population 37.011 was an F2 from 
a cross of the male-sterile plant 34.021.9 by the male-fertile 34.030.2, one 
of the Pi plants of the Fs population 37.010. Plant 34.021.9 was from a 
selfed sib of 33.045.69, the male-sterile Pi parent of 37.010. 

SIZE OF NUCLEOLUS 

Before 37.010 was found to be segregating for a very long A chromosome 
I, a-b and 2, a-f), the diameter of the nucleolus in p.m.c. at pachy- 
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A comparison of chromosome type^ pollen development, and fruitfulness in populaiio7is 

Sf.oio and 37.011, 

Legend 

For pollen For fertility 

o —male sterile; many starch grains in mature pollen — = decidedly unfruitful 

— = early abortion of nearly all pollen, brownish anthers common + ? = slightly more fruitful 

+ =i to § clear, full-sized grains -}- =passibly fruitful 

+-{-=more than | clear, full-sized grains ++ — very fruitful 


PLANT 

CHROMOSOME 

POLLEN 

DATES EXAMINED 

PRUITEULNESS 

DATES EXAMINED 

NUMJdjlK. 


7/19/37 

9/22 

10/4 

8/19/37 

9/21 

10/30 

37 010. I 

Long, Very long 

+ + 

+ 

4 - 


4 - 

4 - 4 - 

37.010.2 

Long, Very long 

+ 

i 

4 - 

— 


4 -? 

37.010.3 

Long, Very long 

+ 

- 

— 

— 

- 

- 

37.010.4 

Long Long 

+ 

— 

4 - 

— 

— 

— 

37.010.5 

Long, Very long 

0 

0 

0 

- 

- 

- 

37.010.6 

Long, Very long 

+ 

— 

4 - 

— 

— 

— 

37.010.7 

Long, Very long 

+ 

+ 

4 -? 

+ 

4 - 4 - 

4 - 1 - 

37.01C.8 

Long Long 

0 

0 

0 

— 

- 

- 

37.010.10 

Very long, Very long 

+ 

— 

— 


— 

* 

37.010. II 

Long, Very long 

+ 4 - 

— 



— 

— 

37.010.13 

Long Long 

++ 

— 


— 

— 

-h? 

37.010.15 

Long, Very Long 


— 


4 -? 

4 -? : 

+? 

37.010.17 

Long Long 

++ 

— 


— 

— .p 

-? 

37.010.26 

Long Long 

+ 4 - 

— 


4 - 

— 

4 -? 

37.010.39 

Long, Very long 

H — h 

— 


— 

— 

_ 

37.010.42 

Long, Very long 

+ 

— 



— 


37.010.51 

Long, Very long 


— 




— 



7/2 

9/22 

10/4 

8/19 

9/21 

10/4 

37. on. I 

Long Long 

+ 

+? 

4 - 

++ 

++ 

4 - 4 - IT 

37. on. 2 

Long Long 

4 - 4 - 

1 ++? 

4 ' 4 - 

-h+ 


-h 4 - 

37.011.3 

; Long Long 

4 -+ 

4 - 

++ 

+ 4 - 


-f-f 

37.011.4 

Long Long 

4 - 4 - 

4 - 

+ 4 - 

4 -+ 

+ 4 - 

4 - 4 - 

37.011.5 

Long Long 

0 

0 

0 

4 - 

— 

— 


Note; On 9/22/37, plants 37.010—21, 23, 24, 25, 26, had abortive (— ) pollen; 37.010—34, 
37? ^-nd 38 had better pollen but less than one-haH good, and a good many abortive (—) 
anthers. 

* Anthers brownish even on 7/ 19/37. 

If Except for the pollen steriles, the plants in 37.011 were all either -|- 4 - or - 1 - in fertility; 
they were mostly very fruitful. 

tene had been measured in three diploid races with two short A and three 
with two long A chromosomes. The results indicated strongly that the 
size of the nucleolus had increased with the increase in satellite size. Similar 
measurements of nucleoli in the single diploid plant with two very long 
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FiGUiiE I. — a. Anaphase from a p.m.c. of 37.010.10 fixed in acetocarmine showing the two very 
long A chromosomes at the right. Both long and very long A chromosomes are usually on the 
periphery of the group, b. Metaphase from a p.m.c. of 37.010.10 fixed in Nawaschin*s fluid. 


A cliromosomes (37.010.10) emphasized this conclusion (table 2). There 
can be no doubt that the nucleolus averages larger in 37.010.10 than in 
either short A short A or long A long A plants (fig. 3). It will be seen from 



a b c d e f 

FiGtJRE 2. — Relative size of short, long and very long A chromosomes. All were fixed in aceto- 
carmine. a. Very long A very long A at anaphase, b. Long A long A at metaphase, c. Very long A 
long A at anaphase, d. Very long A very long A at metaphase, e. Short A long A at diakinesis. 
f . Long A very long A at diakinesis. 

table 2 that nucleolus size in 37.010.10 is very like that in a triploid with 
three long A chromosomes (31.014.43). 

Figure 4 shows that one can easily recognize a plant having one long 
and one very long A chromosome from the satellite size in the tetrad stage. 



Figure 3.— Nucleoli, chromosomes, and satellites in short A, long A and very long A races, 
Nucleoii and satellites are of the average size for each type of chromosome. The upper pair of 
chremosoines is from ^ort A long A; the lower from long A very long A. Chromosomes and nu- 
are from p.m.c. fixed in Nawaschin’s fluid, satellites from tetrads fixed in acetocarmine. 
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Table 2 

Meastirenients of the diameter of the nucleolus at pachyUm* 


DIAMETER OE DRAWING OF NUCLEOLUS IN MM 

S 

5*5 

6 

6.5 

7 

7 -S 

8 

8.5 

9 

A. In plants with two short A chromosomes 










Plant number 34 . 039 . 13 

0 

5 

34 

7 

2 

0 




Plant number 34.001.2 

0 

10 

22 

2 

0 

0 




Plant number 34 .043.5 

I 

8 

10 

3 

0 

0 




Totals 

I 

23 

66 

12 

2 

0 




Mean d^=2is 










B. In plants with two long A chromosomes 










Plant number 34.065.2 



0 

6 

31 

2 

0 

0 


Plant number 34.012.75 



8 

9 

30 

0 

0 

0 


Plant number 34 . 045 . 69 



0 

0 

23 

2 

2 

0 


Totals 



8 

IS 

84 

4 

2 

0 


Mean 










C. Plants with two very long A chromosomes 










Plant number 37 .010 . 10 j 





7 

13 

39 

6 

8 

Plant number 37.010.10 





I 

5 

20 

10 

3 

Totals 





8 

18 

59 

16 

II 

Mean d?^$22 










D. A triploid with three long A chromosomes 










Plant number 31 .014.43 





2 

23 

73 

24 

5 

Mean d^^$22 











* All slides were fixed in Nawaschin*s fluid and stained in gentian violet. Great care must 
be taken that the p.m.c. do not dry out in smearing since chromosome size is much more 
difficult to determine with certainty if any part of the smear has become too dry. It is quite 
possible that this might also affect nucleolar and satellite size. 

t The first set of data were taken from one slide; the second from nine others. 

The diameters of the two satelKtes of each t3^e were measured in this 
drawing and in the four microspores of a tetrad from a short A short A 
plant. The results follow: 

SHORT A LONG A \'ERY LONG A 


LENGTH 

BREADTH 

LENGTH 

BREADTH 

LENGTH 

BREADTH 

3-0 

2.0 

4.0 

2.0 

5-0 

2.7s 

2.5 

2.0 

SO 

3-0 

4-5 

3.00 

3-0 

2.0 





2*75 

2.0 






The mean cube of the average of the two diameters of satellites in tetrads 
was 14 for short, 27 for long, and 55.7 for very long A. 
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The mean cube of the average diameter of satellites in young pollen was 
27.7 for short A, 55.4 for long A, and 92 . i for very long A. 


«o 

o 


b a c 

Figure 4. — a,. Shows satellites of two sizes in the microspores of a long A very long A plant 
b. Shows the same and also that nucleolar size is associated with satellite size. c. Nucleoli and 
satellites from the four microspores of a tetrad from a triploid plant. All are from acetocarmine 
smears. 

The satellites have in each case practically doubled in volume in the 
young pollen cells measured. The relation between short, long, and very 
long A remains similar to that found in the tetrads. The results seem to be 
consistent with the hypothesis that the satellite of short A has doubled in 


Tabce 3 

SatelHie dze measured in drawings of pollen just after the rupture of the pollen another cell •wall. 
The length and breadth of each is given below in millimeters. 


SHORT A 

LONG A 

VERY LONG A 

LENGTH 

BREADTH 

LENGTH 

BREADTH 

LENGTH 

BREADTH 

3 -SO 

2.50 

4-75 

3-00 

5*75 

3-7S 

3-2S 

2.75 

S.oo 

2-75 

6.00 

3 . CO 

3-50 

2.50 

4.7s 

3.00 

5-75 

3-25 

3-7S 

2.50 

4.7s 

3*25 

S-7S 

3*50 



4.50 

3-25 

5-75 

3-00 



4.25 

2.75 

6.00 

3.00 



4.75 

3-00 

5.00 

'3*50 



4.75 

2.25 

6.00 

3-25 



4.75 

3.00 





4.50 

3.00 





4.50 

3-25 






SATELLITE AND NUCLEOLUS IN TOMATO 491 

size to produce long A, and that that of long A has doubled to produce 
very long A. 

The drawings of young pollen and tetrads from which measurements of 
satellites were taken, were all from acetocarmine smears, but those of the 
nucleoli were from smears fixed in Nawaschin’s fluid and stained in gentian 
violet. Since cells and chromosomes fixed in acetocarmine are much larger 
than in Nawaschin’s fluid, no comparison of absolute size of nucleolus and 
satellite is possible. We can, however, compare the differences between 
nucleoli from the three types (table 2) with the differences between the 
satellites. Whereas the satellites approximately double in size in long A 
as compared with short A, and in very long A as compared with long A, 
the difference in nucleolar size between short and long and between long 
and very long is decidedly less. It is, however, greater between long and 
very long than between short and long. It would probably have been better 
to compare nucleolus and satellite size in young pollen, but unfortunately, 
although the satellite is easily seen in acetocarmine smears, the rest of 
the chromosome and the nucleolus are seldom visible, and permanent 
smears of tetrads were not available for all types. In a few tetrads of an 
acetocarmine smear of 37.010.2, a long A very long A plant, the nucleolus 
was visible. The nucleolus associated with the smaller satellite was de- 
cidedly smaller in each case than the nucleolus with the larger satellite. 

In microspores in the resting stage which have been fixed in acetocar- 
mine, the satellite is surrounded by a clear area. The same condition was 
noted at metaphase and anaphase in root tip cells fixed in Nawaschin’s 
fluid. The clear area is probably indicative of interaction between satellite 
and cytoplasm during the growth of the satellite following division. 

In diploids, the microspores have one satellite on the side of the nucleo- 
lus. In triploids, two microspores typically have two, the two others one 
satellite at the resting stage when the p.m.c. has divided to form four 
microcytes. Similarly, each microcyte in a tetrad of a tetraploid has typi- 
cally two satellites. When the two satellites lie close together they are 
both associated with a single large nucleolus but when they are widely 
separated each may be associated with a smaller nucleolus, A nucleolus 
which is associated with one long A chromosome is smaller than one which 
is associated with two long A chromosomes and is approximately the same 
size as the nucleolus in a cell with one very long A chromosome. When two 
nucleoli are formed in one microspore in a triploid, each is of about the 
same size as the nucleolus in a sister cell with one A chromosome of the 
same t3^e. The nucleolus in tetraploid cells with two long A chromosomes 
is of the same size as that in triploid cells with the same A chromosome 
complement. Cell size and nucleolus size do not increase proportionately. 

At pachytene in pollen mother cells of 37.010.10, the two very long A 
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chromosomes differ from those of long A long A and short A short A races 
in that each A chromosome is attached to the nucleolus at two points instead of 
one. Thet)T)ical figure at pachytene in 37.010.10 consists of a paired por- 
tion, two loops, and two long satellite ends (fig. 5, a-e). Pollen mother 
cells containing one long and one very long A have one loop (fig. 6, a-c), 



Figure 5. — a-^c. Typical pachytene configurations in a plant with two very long A chromo- 
somes (37.010.10); d and e show early diakinesis in 37.010.10. 


those with long A long A or short A short A, none. As the chromosomes 
shorten the loops are gradually reduced until at late diakinesis there is 
often very little indication of the second attachment point. The first is 
also often lost in at least one A chromosome of any type at late diakinesis. 

It is possible that the increase in nucleolus size in 37.010.10 is partly 
due to the presence of two nucleolus-forming bodies (McClintock 1934). 
However, in long A long A, the nucleolus-forming body is apparently no 


a c 

Figure 6. — a to c. Remnants of a loop in the very long A chromosome, none in the long 
A chromosome. The figures are from 37.010.1, a long A very long A plant. 

longer than in short A short A and yet the nucleolus averages larger, indi- 
cating that the increased satellite material may affect the size of the nu- 
cleolus directly. 

How satellite material has been added in these tomato races is not 
known. It seems most probable that a large block of it has, in each case, 
been inserted at the point of attachment to the nucleolus, since A chromo- 
somes frequently cross at this point and the satellite ends are otherwise 
rarely if ever associated. A long A chromosome might have originated 
from a short A by insertion or terminal addition of a short A satellite and 
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no nucleolus-forming body; a very long A chromosome, by insertion or 
terminal addition of a long A satellite plus a nucleolus-forming body. 

The University of California Citrus Experiment Station kindly pro- 
vided the materials and some of the facilities used in this study. The 
plants were grown by Dr. J. W, Lesley, and I am indebted to him and 
to Dr. H. B. Frost for helpful suggestions. 

summary and conclusions 

1. Three races differing in size of the A or nucleolar chromosome have 
been found in tomatoes. The difference between the three types of A 
chromosomes (short A, long A, and very long A) is due to the addition of 
satellite material which appears to carry no genes. 

2. At pachytene, the A chromosome is associated with the nucleolus 
at one point in short A and long A, at two in very long A. 

3. The volume of the satellite is approximately doubled in long A as 
compared with short A, and in very long A as compared with long A. 

4. Nucleolar size in races with two long A chromosomes averages ap- 
proximately so percent larger than in races with two short A’s. In one 
plant with two very long A chromosomes, the nucleoli average about 60 
percent larger than in long A long A races. 

5. In microspores from one p.m.c. in a triploid, a nucleolus which is 
associated with one long A chromosome is smaller than one which is asso- 
ciated with two long A chromosomes and is approximately the same size 
as the nucleolus in a microspore at the same stage in a cell with one very 
long A chromosome. 

6. There is no relation between chromosome size and external plant 
characters, fruitfulness, or pollen abortion. 
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INTRODUCTION 

S INCE the discovery by Muller and Stabler that X-rays induce 
mutations in animals and plants, a new field has been developed in 
experimental genetics. This work on radiation genetics has been reviewed 
by Muller (1932), Hanson (1933), Oliver (1934), Stabler, Goob- 
SPEEB, Gowen, et al. (Duggar 1936), Stubbe (1937), and Tmofeefe- 
Ressovsky (1937). The genetic results show that (i) the mutation rate 
increases directly with dosage, (2) the X-ray effect is not delayed or 
indirect, (3) there is no temperature coefl&cient, (4) differential suscepti- 
bility is found in different stages of development, (5) the X-rays cause 
translocations, inversions, and deletion of chromosome segments, (6) the 
induced mutations are not distributed entirely at random in the chromo- 
somes, (7) there is no differential effect of the various wave lengths in the 
X-ray range, and (8) the gene string is already partially split in Drosophila 
sperm and in Zea pollen grains. 

A direct cytological analysis of X-ray effects has confirmed some of the 
results obtained by genetic methods, but most of the cytological work has 
dealt with the nature of the chromosome rearrangements and the time of 
splitting of the chromonema. There is still no critical evidence regarding 
the relation between dosage and chromosome aberrations, the effect of 
temperature on chromosome susceptibility to radiation, differential sus- 
ceptibility at various times during the meiotic and mitotic cycles, the 
mechanism involved in translocation and inversion, and the time of chro- 
monema doubling. An analysis of X-ray effects on chromosomes of Trades- 
cantia microspores has solved some of these problems. 

MATERIALS 

Microspores of Tradescantia were used for the study of X-ray effects 
on chromosome behavior. The meiotic and mitotic cycle in microspore 
formation is well known, the chromosomes are large, and certain species 
flower throughout the year in the greenhouse. During the summer months 
the meiotic cyde from earliest prophase to the tetrad stage covers about 
one week, and a similar period is required for microspore development up 
to the time of nuclear division. The nucleus of the newly formed micro- 
^)ore remains in the resting stage for about five days, and is in the pro- 
phase st^ for at least one day before nuclear division occurs. The length 

GEK£flCS 23; 404 Sept. 1038 
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of the meiotic and mitotic cycles is increased during the winter months 
and may be increased to two weeks for each cycle. All experiments were 
done with a clonal line of a Tradescantia rejlexa hybrid, which has six pairs 
of chromosomes and one pair of fragments. Flowering stalks were cut off 
and kept in a glass of water during radiation and for several days to a 
week more while the microspores were being examined. When the micro- 
spores were to be examined for a period of several weeks after irradiation, 
the potted plants were subjected to X-rays. 

The source of the X-rays was a Coolidge tube with a tungsten target. 
The line voltage was 120 at 10 ma, and the secondary voltage was 160 kv. 
No screen was used, and the target distance was about 75 cm. At this 
distance the tube delivered about 25 r per minute. The dosage used ranged 
from 75 to 200 r for the analysis of types of chromosome aberrations. 

CYTOLOGICAL OBSERVATIONS 

A few observations were made at meiosis, but most of the data vrere 
based on microspore chromosomes. A few hours after raying, the meiotic 
cells show clumping of the chromosomes and fusion of homologous chro- 
matids. The terminal association of chromosomes is not accompanied by 
fragments at either the first (fig. i^) or the second (fig. 2) meiotic division. 
Many sub-terminal associations are found, especially at the second meiotic 
anaphase, but free fragment chromosomes were not observed. Twenty- 
four hours after ra3dng, many chromosome bridges and free fragments 
were found at anaphase of both meiotic divisions. 

The mitotic division in the microspore also shows a clumping of the 
chromosomes shortly after irradiation- At four to six hours after raying, 
about half the anaphase figures show terminal or subterminal fusion of 
sister chromosomes (figs. 3 and 4). Occasionally there are free fragments 
or evidence of unequal chromatid interchange, but these are rare. In no 
case were fusions or interchanges found betw'een non-homologous chro- 
matids or chromosomes during the first seven hours after irradiation. 
These early fusions following X-ray treatment appear to involve the 
chromosome envelope, and although fragments are released by breakage 
at points of fusion in some figures, the fusion of sister chromatids at these 
stages is not of primary significance. 

When moderate doses of X-rays are given to microspores the metaphase 
and anaphase figures can be analyzed at any time after irradiation. During 
the first 24 hours after raying, most of the breaks involve only one of the 
two chromatids (figs. S, 6, 8, 9, and 10), but chromatid breaks have been 
observed as late as 72 hours after raying. Achromatic lesions also are 

^ Figure references are to Plates i and 2 unl^ otherwise specified. 
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frequent, and seem to be caused by breaks which have not released the 
distal ends of the chromatids (fig. 6). 

The chromatid breaks may be single and release the distal end of a 
chromatid, or they may involve two chromatids, one from each of two 
chromosomes. A single break may produce an acentric fragment, or the 
break may be incomplete and produce an achromatic lesion (fig. 6) . The 
double breaks may produce either reciprocal interchange of chromatids, 
or chromatid fusion accompanied by fused chromatid fragments. The re- 
ciprocal chromatid interchanges usually are equal or nearly equal (figs. 9 
and 10), although unequal interchange of chromatid arms does occur 
(fig. 8). The ends of two broken chromatids may fuse to form a dicentric 
chromatid and release an acentric fused fragment (figs. 9 and 15). In 
practically all cases of chromatid fusion an acentric fragment is released. 
The ends of the fragment are the normal ends of the two broken chro- 
matids, and at the point of breakage the two chromatid fragments are 
fused. 


Description of Plates 

Camera lucida drawings of meiotic and microspore chromosomes at various times after X-ray 
treatment. Acetocarmine preparations of Tradescantia reflexa hybrid. Magnification X900. 

Explanation of Plate i 

Figure i. Meiotic anaphase. Terminal fusion of chromatids. No fragments. 150 r. 3 hrs. 

Figure 2. Second meiotic anaphase. Terminal and sub-terminal fusion of chromatids. No 
fragments. 150 r. 6 hrs. 

Figure 3. Anaphase in microspore. Fusion of chromatids. 75 r. 6 hrs. 

Figure 4, Anaphase in microspore. Terminal fusion of chromatids. Translocation between 
sister chromatids. 75 r. 6 hrs. 

Figure 5. Microspore metaphase. Two chromatid breaks, and a chromosome break followed 
by fusion of broken ends of sister chromatids. 200 r. 12 hrs. 

Figure 6. Microspore anaphase. Complete and incomplete chromatid breaks, and a dicentric 
chromosome resulting from sister chromatid fusion after a chromosome break. 100 r. ig hrs. 

Figure 7. Microspore metaphase. A chromosome break followed by sister chromatid fusion. 
100 r. 6 hrs. 

Figure 8. Microspore metaphase. A chromatid and a chromosome break in the same chro- 
mosome. The unequal chromatids of two chromosomes are the result of unequal reciprocal chro- 
madd translocations. loo r. 17 hrs. 

Figure 9. Microspore metaphase. Chromatid exchange and chromatid fusion. Also a simple 
chromosome break. 75 r. 24 hrs. 

Figure 10. Microspore metaphase. Chromatid and chromosome breaks. 100 r. 24 hrs. 

Figure ii. Microspore metaphase. Chromatid ring formation. 75 r. 24 hrs. 

Figure 12. Microspore — early anaphase. Chromatid and chromosome breaks. 100 r. 24 hrs. 

Figure 13. Microspore anaphase. Dicentric chromosome and fused fragment following chro- 
mosome break. loo r. 24 hrs. 

Figure 14. Microspore metaphase. Complex fusion of chromosomes with no free fragments. 
100 r. 2$ hrs. 

Figure 15, Mkrospore metaphase. Reciprocal chromatid fusion of the reverse crossover type. 
iSo r, 48 hrs. 
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Few chromatid breaks are found 48 hours after raying, and none from 
the fourth to the ninth day. During the winter months, the microspores 
examined 9 or 10 days after raying were X-rayed at late stages in meiosis 
or very early in microspore development. Although no chromatid breaks 
were found between the fourth and eighth day after irradiation, a few were 
found on the ninth day. Most of these were in a single microspore, where 
two single breaks and two chromatid fusions were found at metaphase 
(fig. 23). A single chromatid fusion was also found at anaphase in another 
cell (fig. 24). 

Chromosome breaks, with both chromatids broken at the same locus, 
were found at all times after raying the microspore. During the first 24 
hours all the chromosome breaks are single. The break releases the distal 
end of the chromosome arm, and the broken ends of sister chromatids 
invariably fuse to form a U-shaped acentric fragment and a pair of sister 
chromatids fused at one end. The first chromosome break was observed 6 
hours after raying (fig. 7). As the broken chromosome divides at anaphase, 
the fused ends form a bridge (figs. 6, 12, and 13). The distal ends of the 
broken chromatids always fuse to form a single fragment. The size of the 
fragment varies considerably, but no bridge has been observed without a 
fragment. 

Single chromosome breaks are found less frequently after the second 
day following irradiation. At this time there is no fusion of the ends of 
broken chromatids, and only pairs of chromatid bridges are found. The 
distal fragments appear as paired rods (figs. 22, 23, and 24). 

Breaks in two chromosomes may be followed by reciprocal interchange 
or by chromosome fusion with the release of a fragment. The reciprocal 
interchanges are difficult to detect, presumably because they are approxi- 
mately equal, but unequal interchanges have been observed. The fusion 
of broken ends of different chromosomes may produce also a dicentric 
chromosome and a pair of chromatid fragments. Each fragment chromo- 
some is composed of the ends of two non-homologous chromosomes fused 
together at the point of the break. As the dicentric chromosomes separate 
at anaphase, they may separate freely, or form two bridges, or interlock, 
depending on the amormt of relational coiling between centromeres (figs. 
16 and 17). Chromosome bridges are always accompanied by chromosome 
fragments. The size of the fragment may be no longer than the width of 
a chromatid or may be as long as a normal chromosome (figs. 16 and 18). 
Occasionally the break and fusion occur so near the centromeres that the 
duality of the centromeres in the dicentric chromosome can not be differ- 
entiated. The released fragment is then as long as two normal arms (figs. 
18 and 20). 

Broken ends in each arm of a single chromosome may reunite to form 
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ring chromosomes. At anaphase the ring chromosomes may separate 
freely, or open out into a single dicentric ring, or they may be interlocked 
(figs. 19, 20, and 21). Ring chromosomes induced by raying the resting 
microspore nucleus are always accompanied by fragments. Premeiotic 
irradiation has produced a ring chromosome at the microspore division 
mth no visible fragment. Evidently the loss of a small fragment is not 
always lethal. 

The irradiation of meiotic cells produces a high degree of microspore 
sterility, but some microspores do develop. These microspores, even 
though they include only the more viable cells, show a large proportion 
of breaks. Every chromosome may be broken, but if no fragments are 
lost, the chromosomes develop normally (fig. 24). Occasionally diploid 
microspores are produced after irradiation, and these also have many 
chromosome aberrations (fig. 26). These microspores were produced from 
meiotic cells which were irradiated at interphase or during the second 
meiotic division. 

Most of the aberrations induced by X-rays are chromosome fragmenta- 
tions and fusions, but other abnormalities are found occasionally. The 
anaphase chromosomes may not be distributed equally to the poles, and 
all chromosomes may pass to the same pole. Monocentric spindles are 
rare, and only five were observed in the thousands of anaphase figures 
studied (fig. 30). The centromeres of some chromosomes and chromatids 
seem to be inactive in chromosome orientation at metaphase and anaphase. 
The inactive chromosomes may be acentric fragments which have lost 
the centromeres by chromosome fusion (fig. 18); but the unequal distri- 
bution of daughter chromosomes to the poles and occasional lagging 
chromosomes at anaphase (fig. 28) suggest that a centromere may be 
inactivated or prevented from dividing by X-ray treatment. In one 
microspore the chromosomes had developed to an early metaphase stage 
with no visible split in the chromosomes (fig. 29). 

The sequence of appearance of various types of aberrations is of interest 
in an analysis of the nature of breaks and fusions of chromosomes. After 
the terminal fusions of chromosomes are past and the more significant 
aberrations appear, only chromatid and chromosome breaks are observed 
during the first 24 hours. For example, at 17 hours after irradiation at 
100 r, 21 chromatid fragments and 10 chromosome fragments were found 
without a single dicentric chromatid or chromosome. These and other 
data show that the breaks are not dependent on previous fusions. 

When the resting nucleus of the microspore is irradiated, the aberra- 
tions appearing at metaphase and anaphase include dicentric chromo- 
somes and fragments, ring chromosomes and fragments, and simple frag- 
ments. In one series of observations, made four to seven days after raying 
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with a dose of 200 r, there were 69 dicentric chromosomes, ii ring chromo- 
somes, and II single distal fragments. Thus about 86 percent of the fusions 
are between different chromosomes, and only 14 percent are between the 
two arms of the same chromosomes. Single breaks without fusion con- 
stituted about 12 percent of the aberrations which could be detected. In 
another series of observations made at corresponding times after irradia- 
tion, the proportion of single breaks was about 17 percent (table 2). The 
relatively small percentage of single breaks suggests that a broken end 
of a chromosome has a strong tendency to fuse with another broken end, 
and that broken ends usually reunite after a single break. 

It has been assumed by a number of cytologists that an X-ray “hit” 
can break only a single chromonema at a given locus, and that the occur- 
rence of chromosome breaks proves the existence of a single chromonema 
at the time of irradiation. But we find both chromosome and chromatid 
breaks in the same division figure, or even in the same chromosome, and 
at various times after irradiation, — ^from 7 to 72 hours (table i). It seems 
highly improbable that the splitting of the chromosomes is so variable 
in different chromosomes of the same cell or that the time of the split may 
vary from 7 to 72 hours before the chromosomes reach the metaphase 
stage. The evidence seems conclusive that both chromatids may be broken 
at the same time by a single X-ray “hit.” 


Explanation op Plate 2 

Figuee 16. Microspore anaphase. Chromosome breaks followed by fusion to produce dicen- 
tric chromosomes and acentric fragments. Two t37pes of separation — locked and free. 200 r. 8 
days. 

Figure 17. Microspore anaphase. Dicentric chromosome with crossed chromatids. 200 r. 
3 days. 

Figure iS. Microspore — early anaphase. The pair of chromatid fragments presumably re- 
leased by breaks and fusions of two chromosomes very near the centromeres. 200 r. 6 days. 

Figure 19. Microspore anaphase. Free separation of ring chromatids. 200 r. 19 days. 

Figure 20. Microspore anaphase. Dicentric ring chromosome. Long acentric fragment re- 
leased by breaks and fusion of two chromosomes at or near centromere. 180 r. 7 days. 

Figure 21. Microspore anaphase. Locked ring chromatids. 200 r. 7 days. 

Figure 22. Microspore anaphase. Single chromosome break which released almost entire 
arm of one chromosome. 100 r. 9 days. 

Figure 23. Microspore metaphase. Chromatid breaks and fusions induced during meiosis 
or very early in microspore, too r. 9 days. 

Figure 24. Microspore metaphase. Numerous chromosome breaks induced at meiosis. 100 r. 
II days. 

Figure 23. Microspore anaphase. Chromatid fusion of non-sister chromatids. 200 r. 9 days. 

Figure 26. Diploid microspore metaphase. Three dicentric and one ring chron^me. 200 r. 
9 days. 

Figure 27. Microspore anaphase. Dicentric and ring chromosomes. 1200 r. $ days. 

Figure 28. Mkro^pore anaphase. Apparent inactivation of the centromere of one chromo- 
some. 75 r. 24 his. 

Figure 29. Mkro^jore metaphase with no chromosome split. 100 r. 11 days. 

Figure 30. Monocentric kindle. 180 r. 4 days. 
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Table i 


Duration of chromatH breaks. 


HOURS AFTER 

RAYING 

75 to 200 r 

CHROMATID 

BREAKS 

CHROMOSOME 

BREAKS % 

5 

10 

0 

0 

7 

22 

3 

12 

II 

3 

I 

25 

17 

21 

10 

32 

24 

90 

81 

48 

48 

15 

61 

80 

72 

6 

41 

87 

96 

0 

all 

100 


li chromosome breaks and fusions occur at every locus which is hit by 
the X-rays, they should be distributed at random along the chromosomes. 
But if secondary factors are involved, such as torsion of the chromosomes 
or the relative positions or differential contraction of the chromosomes, 
then the breaks may be localized. An analysis of the position of breaks 
and fusions has been made, using cells which were rayed while the chromo- 
somes were in the resting stage. The data are shown in table 2. 

Table 2 

Loci of chromosome breaks. 150 r. 4-^ days after raying. Length of fragment in relation to 
chromosome bridge or shortened arm. 


SINGLE BREAKS EXCHANGE BREAKS 



N 

% 

N 

% 

Break near centromere 

38 

57 

28 

50 

Break near center of arm 

17 

25 

19 

34 

Break near distal end of arm 

12 

18 

9 

16 


The position of the breaks and fusions was determined from the relative 
length of the released fragments compared with the broken chromosome 
arms, or the distance between centromeres in the dicentric chromosomes. 
In about half the aberrant chromosomes the break had occurred in the 
proximal third of the chromosome arm. Breaks were less frequent in the 
central region of the chromosome arms and still less frequent at the distal 
ends of the chrcfmosomes. Simple breaks and exchange breaks show about 
the same frequency of distribution at the various loci. 

Organisms at different stages of development show a differential sus- 
ceptibility to X-rays as measured by both the mutation rate and the 
frequency of chromosome aberrations. An extended analysis was made 
with X-myed Tradescantia plants to determine the types and frequencies 
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of chromosome aberrations at various times in the meiotic and mitotic 
cycles. Two series of observations were made, one with plants which had 
received a dose of 751, and the other with plants which had been sub- 
jected to 150 r. Both series showed similar results, but more data -were 
obtained from the 150 r series. The data are shown in table 3. 


Table 3 

Series 17. Jan. 10. XiSO r. Greenhouse plants. 


TIME AFTER - 

RAYING 

TOTAL 

CHROMO- 

SOMES 

CHROMATID BREAKS 

CHROMSOME BREAKS 

TOTAL 

BREAKS 

% 

MIC. 

STERIL- 

ITY 

% 

SINGLE EXCHANGE 

SINGLE 

EXCHANGE 

1-4 hrs. 

318 




0.0 

19 

4-7 

936 

II 



1.2 

18 

I day 

450 

18 16 

16 


II . I 

18 

2 days 

438 

3 

17 

12 

7-3 

21 

3 

666 

I 

4 

20 

3-8 

18 

4 

612 


3 

10 

2.1 

20 

5 

384 


3 

8 

2.9 

23 

7 

354 



6 

1.7 

20 

8 

28S 



10 

3-5 

22 

9 

372 


I 

12 

3-5 

26 

10 

486 


3 

10 

2.7 

26 

II 

00 

»o 


3 . 

12 

2.8 

26 

12 

450 


5 

16 

4.7 

28 

14 

108 


15 

30 

41.7 

65 

15 

II4 


3 


2.6 

92 

16-19* 

120 




0.0 

82 

19-29* 

522 




0.0 

SO 

29-33 

258 




0.0 

20 


* Fragments in one nucleate microspore. 


There was an increase in chromosome aberrations up to 24-30 hours 
after raying, when the proportion of breaks reached ii percent. Each 
chromatid or chromosome fusion was counted as two breaks, since the 
evidence indicates that the breaks precede the fusions. At 48-55 hours 
the percentage of aberrations decreases and reaches a point of stability 
at about 3 percent between the third and eleventh day. During this entire 
period the microspore fertility is normal, about 80 percent. On the twelfth 
day after -raying, there was a slight increase in both chromosome aber- 
rations and microspore sterility. The sterility is judged by the failure of 
nuclear development and microspore growth. Cells examined later 
showed a great increase in chromosome aberrations to over 40 percent, 
while the pollen sterility was also greatly increased. These microspores 
undoubtedly were rayed during meiosis. The pollen sterility on the i sth 
to 19th day was so great that few chromosome studies could be made. 
The high degree of microspore sterility indicates, however, that chromo- 
some aberrations are very frequent at meiotic prophase. On the 19th day, 
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pollen fertility is increased to about 50 per cent and remains at this figure 
for about 10 days. During this period no chromosome aberrations were 
observed, although certain types undoubtedly are included in viable 
microspores. At the end of four weeks both the mitotic and meiotic cycles 
have been completed. The pollen fertility now becomes normal, in spite 
of the fact that the premeiotic cells have been X-rayed. 



DAYS AFTER RAYING 

The relation between chromosome aberrations, microspore sterility, 
and the stage of nuclear development, is shown in table 4. The suscepti- 
bility of the chromospmes to X-ray treatment is greatest at meiosis and 
presumably at meiotic prophase. Since all the chromosomes found in a 
tetrad of resting microspores are already differentiated at late pachytene 
of meiosis, it appears that the meiotic chromosomes are much more sus- 
ceptible to X-ray breakage than the chromosomes in the resting nuclei 
of the microspores. In view of the selected sample of microspores resulting 
from X-rayed meiotic cells, it seems probable that the chromosomes at 
meiosis are at least ten times as susceptible as chromosomes at the resting 
stage in the microspore. The prophase stage of mitosis is more susceptible 
to X-rays than the resting stage, but at prophase about half the breaks are 
chromatid breaks, while X-rayed resting nuclei show only chromosome 
breaks at metaphase and anaphase. However, the mitotic prophase stage 
is about twice as susceptible to X-ray treatment as the mitotic resting 
stage, 

THE EPEECT OF TEMFERATUFE ON CHROMOSOME 
SUSCEPTIBILITY TO X-RAYS 

In both plants and animals the mutation rate after X-raying is inde- 
pendent of the temperature at the time of irradiation. We have X-rayed 
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Tradescantia microspores at various temperatures to determine if tem- 
perature at the time of radiation has any effect on frequency of chromo- 
some aberrations. Flower stalks of Tradescantia were placed in thermos 
bottles containing water at different temperatures. The cuttings were 
placed in the thermos bottles about half an hour before raying and kept 
in the bottles during irradiation and for one hour after raying. They ’were 
then placed in water at room temperature and examined each day for 
about a week. Two series of observations were made, one irradiated with 
a dose of 100 r at temperatures of 6® and 40°C, respectively, and the other 
subjected to temperatures of 7"^, 25®, and 37°C and X-rayed with 200 r. 
The first series showed no significant difference in percentage of abnormali- 
ties at the twovtemperatures. Those irradiated at 6°C showed chromosome 
aberrations in 20 percent of the microspores, w^hile those irradiated at 
4o°C showed chromosome aberrations in 19 percent of the microspores. 
Similar results were obtained in the second series. The data are shown in 
table 5. The microspores rayed at 37°C do show a higher average percent- 
age of cells with chromosome breaks, but in view of the great variability 
found on different days, the differences in aberrations at different tem- 
peratures are not significant. Evidently there is no temperature coefficient 
for X-ray induced chromosome aberrations. 

Table 5 

X-ray effects at different temperatures. Series 8. X200 r, Oct, 18, igy^. Tradescantia microspores. 


DAYS 

AT 7 


AT 25 °C 

AT 37 °C 

COMBINED 

MIC. 

STE- 

As XJCjK 

RAYING 

TOTAL 


TOTAL 

%BR. 

TOTAL 

%BK. 

TOTAL 

%BE. 

KIUTY 

% 

I 

148 

59 

132 


III 

43 

391 

60 

25 

2 

103 

26 

153 

17 

132 

II 

388 

18 

25 

3 

63 

21 

140 

9 

66 

8 

269 

12 

26 

4 

57 

23 

169 

10 

63 

10 

289 

12 

19 

5 

78 

12 

170 

17 

25 

24 

273 

16 

20 

7 

142 

18 

47 

19 

143 

14 

332 

17 

SI 

8 

56 

30 

4S 

23 

135 

50 

239 

40 

S 3 

9 

76 

46 

211 

71 

137 

90 

424 

73 

60 

Total 

723 

31 

1070 

32 

8x2 

36 

2605 

33 



The percentage of breaks based on number of division figures with breaks or fusions in one 
or more chromosbmes. 


The temperature experiments were conducted in October, and the 
microspore cycle at this time is about one week, as compared with about 
two weeks in January (cf. table 3). It will be noted that on a cell basis 
the abnormalities induced at meiosis are only slightly greater than those 
at microspore mitotic prophase, but the increase in pollen sterility a week 
after irradiation prevents an accurate comparison. 
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THE RELATION BETWEEN X-RAY DOSAGE AND 
CHROMOSOME ABERRATIONS 

In both plants and animals the nautation rate induced by X-rays is 
directly proportional to the dose. From this relationship it is concluded 
that single “hits” are responsible for the mutations. The accuracy with 
which chromosome aberrations can be analyzed in Tradescantia micro- 
spores makes possible a critical analysis of the relation between X-ray 
dosage and the percentage of chromosome aberrations. 

In the first series of experiments, flowering stalks of Tradescantia were 
subjected to X-ray doses of 150, 300, 600, and 1200 r. The only varying 
factor in the treatment was the length of time necessary for giving the 
respective doses. The cytological observations were made on the third and 
fifth day after raying. A dicentric chromosome was classed as two breaks, 
as were the ring chromosomes. Since 80-90 percent of aU visible aberra- 
tions are chromosome fusions accompanied by fragments, it makes little 
difference whether we class such aberrations as single or double breaks. 

A second series of buds was subjected to X-ray doses of 100, 200, 400, 
and 800 roentgens. The combined data from both series are shown in 
table 6. The log of the dosage plotted against the log of the percentage of 
aberrations gives a straight line, and leads to the derivation of an equa- 
tion for the relationship between dosage intensity and percentage of 
chromosome breaks. 

%B = (Ir/8o)i®. 


Tabm 6 

RdaHon of breaks and X-ray dose. 


DOSAGE 

TOTAL 

BREAKS 

% BREAKS 

(Ir/8o)‘-'% 

100 r 

2538 

40 

1.6 

1.4 

isox 

1896 

48 

2.5 

2.6 

200 r 

1476 

70 

4.7 

4.0 

300 r 

1626 

120 

7.4 

7.3 

400 r 

3384 

332 

9.8 

II . 2 

6oor 

1446 

275 

19.0 

20.4 

8oor 

2214 

796 

35.9 

31.6 

1200 r 

1086, 

644 

59-3 

$8.0 


It is clear that there is no simple relationship between dosage and per- 
centage of chromosome aberrations. Data obtained from several series of 
observations show that the proportion of single breaks increases directly 
with increased dosage, but since the single and double breaks are difficult 
to differentiate in the complex figures induced by higher dosages, the 
relationship is not completely established. For the double breaks, those 
which result in dicentric and ring chromosomes, the percentage of breaks 
increases in geometric proportion to the dosage. 
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The relation between dosage and chromosome breaks suggests that the 
double breaks are caused by independent X-ray hits. A number of investi- 
gators working with X-ray effects have devised methods for determining 
whether one, two, or more hits are necessary to produce a given effect. 
According to Wyckoef and Rivers (1930), if one hit is necessary to kill, 
the survival ratio is e-^^j where a is the probability than an electron will 

DEScmpTiON OF Table 7 

The relation between dosage and chromosome aberration compared with theoretical curves 
based on equations for r hit (%B = i— and 2 hits [%B= {i-\-an)] reactions. Single 

breaks tend to occur in direct proportion to dosage. 

60 


50 


40 

% B 

30 


20 


10 


hit the object and n is the number of electrons shot at the object. If two 
hits are necessary to produce the effect, the sur\dval ratio is e^^^{T+an), 
Applying these formulae to our data, we have determined the theoretical 
curve for chromosome 'aberrations at various dosages assuming that one 
hit isjiffective (%B = i— and that two hits are necessary [%B = 
I— ^~an We have, in each case, taken an arbitrary value of an 

which will give the observed percentage of aberrations at 1 50 r. The the- 
oretical curves and the observed values are shown in table 7. It is evident 
that the observed values approach the theoretical curve based on the 
assumption that two hits are necessary to break two chromosomes or 
chromosome arms, although it is possible that some of the dicentric and 
ring chromosomes are produced by^a single hit. The single breaks are 
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evidently caused by single hits, even though the chromosome may be 
split into two chromatids at the time of breakage. 

DISCUSSION 

Most of the earlier analyses of chromosome aberrations induced by 
X-rays were based on the assumption that a single hit was so localized 
in its effect that only a single chromatid could be broken at a given locus. 
Carlson (1937), working with irradiated somatic cells of Chortophaga, 
finds that an X-ray hit can break one or both of the two sister chromatids. 
Katifmann (1937) finds complex chromosome rearrangements following 
X-radiation of Drosophila sperm and concludes that sister chromatids 
can be broken simultaneously at the same locus by secondary effects of a 
single hit. This cytological work is in accord with the genetic results of 
Patterson (1933) and Moore (1934). 

The fact that both chromosome and chromatid breaks occur at meta- 
phase and anaphase from 7 to 72 hours after raying the Tradescantia 
microspores, clearly indicates that a single hit can break one or both 
chromatids at the same locus. Chromosome and chromatid breaks often 
occur in the same cell, and may occur in the same chromosome. It seems 
highly improbable that the time of splitting of the chromosome varies 
from 7 to 72 hours before the chromosomes reach the metaphase stage. 
The proportion of chromosome aberrations produced by different amounts 
of irradiation also indicates that some of the fusions may be caused by a 
single hit which breaks two adjacent chromosomes. 

Most of the X-ray tests show chromatid breaks when the nucleus is 
irradiated in the prophase stage, and chromosome breaks when rayed in 
the resting stage (Riley 1936). However, Mather (1937) does find only 
chromatid breaks for 160 hours after irradiation of Allium microspores, 
and we find a few chromatid breaks in Tradescantia microspores which 
were irradiated at meiosis or at the beginning of microspore development. 
In both Drosophila (Patterson 1933, Moore 1934) and Zea (Stabler 
and Sprague 1936) the genetic results indicate that irradiation of gametes 
produced both chromosome and chromatid mutations. If, as Mather 
admits, chromatid breaks are found in irradiated male gametes, it is 
probable that all the chromosomes are split, but many hits involve both 
chromatids at the same locus. The greater percentage of fractional 
deficiencies induced in Zea by ultra-violet as compared with X-ray effects 
(Stabler and Sprague 1936) can be attributed to greater localization of 
ultra-violet effects. The X-rays may break both chromatids in the irradi- 
ated gametes, while ultra-violet rays usually break only one of the two 
chromatids. If chromosome breaks are dependent on the wave length of 
the radiation and the proximity of the chromatids, the occurrence of 
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chromosome breaks at the resting stage does not prove that the chromo- 
some is single at this stage of nuclear development. The cytological studies 
of Huskins and Hunter (1935), Kauemann (1937)^ Carlson (1937), 
and Mather (1937), all show that the chromosome is split early in the 
resting stage. The split may occur earlier, as Nebel (1937) maintains, 
although the studies based on direct observation of the duality of the 
chromosome are not so critical. 

Chromosome breaks and fusions have been attributed to two different 
mechanisms, fusions followed by breaks, and breaks follow^ed by a fusion 
of broken ends. The behavior of irradiated Tradescantia chromosomes 
strongly supports the second hypothesis. While it is true that the earliest 
induced aberrations are chromosome fusions, these are seldom accom- 
panied by chromosome fragments and are of little significance in the 
production of permanent chromosome aberrations. The conclusions based 
on these temporary fusions (Marshak 1937) are not valid so far as per- 
manent X-ray effects are concerned (Marquardt 1937 and White 1937). 
These primary fusions are induced also by heat (Sax 1937) and by age 
(Barber 1938). 

All breaks during the first 24 hours after irradiation of Tradescantia 
microspores are single chromatid and chromosome breaks. Irradiation of 
the resting nuclei also produces single breaks, although fusions are much 
more frequent at this stage. These single chromatid and chromosome 
breaks can not be attributed to fusions followed by breaks. The evidence 
that most of the fusions between different chromosomes are dependent 
on two adjacent hits also indicates that the breaks occur first, followed by 
fusion of broken ends (cf. table 7). 

The mutation rate is directly proportional to the dosage of X-rays, 
while the chromosome aberrations show a geometric increase with in- 
creased dosage. If mutation is associated with chromosome aberration, one 
might expect the dosage relationships of mutation and chromosome 
aberration to be similar. But more than 80 percent of the chromosome 
aberrations which can be detected involve fusions between different 
chromosomes, or between different arms of the same chromosome. These 
aberrations, as well as the simple deficiencies, will tend to be eliminated in 
successive cell generations, and most of the aberrations which survive 
will be reciprocal translocations, inversions, and small deficiencies. The 
small inversions and deficiencies can be induced by the effects of a single 
X-ray hit. 

If mutations are caused by chromosome rearrangements, as several 
geneticists have suggested (Goldschmeot 1938), most of the structural 
changes must involve smaE aberrations which are induced by single hits. 
The internal structure of the chromosome offers a clue to the possible 
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mechanism of such changes. The chromosomes are in the form of relaxed 
coiled chromonemata during the resting stage. At early prophase, new 
minor spirals develop as the relic coils disappear. The gyres of the new 
minor spirals increase in size and decrease in number, so that at metaphase 
there are 20 to 25 coils per chromosome in the Tradescantia microspore 
(Sax and Sax 1936). A single X-ray hit can break two adjacent gyres, 
and the reunion of broken ends in new associations will produce small 
deficiencies and inversions. This mechanism is essentially the same as 
Htjsted (1937) finds occurring spontaneously in Pancratium. The dia- 
grams (textfig. i) showing these structural changes are based on Husted’s 
illustrations. 




Textpigure I. Postulated meclianism for production of small deficiencies and inversions. 
Breaks in two adjacent gyres of the coiled chromonema, followed by a criss-cross reunion, will 
produce a ring deletion which is either locked around the chromonema or is free. Breaks in two 
adjacent gyres followed by reunion of adjacent ends will lead to a small inversion. 

The size of the deficiency or inversion will depend upon the diameter of 
the chromonematic spiral. The diameter of the gyre will vary at different 
periods in the mitotic cycle. At earliest prophase, two types of spirals 
are found, — large relic spirals and the new minor spirals of very small 
diameter. At metaphase, the deletion or inversion of a gyre would involve 
about 4 or 5 percent of the length of the chromonema in a single Trades- 
cantia chromosome. Fragments at least this small are found occasionally 
in irradiated microspores (figs. 21 and 27). If a similar mechanism be 
postulated for ® molecular spirals” (Darlington 1937), the aberrations 
could not be detected cytologically and might be considered as chemical 
dianges in the gene. 

The differential susceptibility of nuclei at different stages of develop- 
ment is common for both X-ray-xnduced mutation and induced chromo- 
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some aberrations (Marshak 1935). This differential susceptibility has 
been attributed to differences in pH (Zirkle 1936), to water content 
(Gustaesson 1937), to differences in amount of chromatin around 
the gene string (Marshak 1935). The differential susceptibility of meio tic 
and mitotic nuclei is difficult to reconcile with differences in pH involving 
the isoelectric point during each of the nuclear cycles. Stadler finds no 
differential mutation rate in X-rayed seeds which differ in water content, 
and Gustaesson’s observations on chromosome fusions may be attributed 
to the initiation of prophase stages induced by the absorbed water. The 
chromatin around the gene string certainly could not serve as an insulation 
against X-ray hits, although it might reduce the flexibility of the gene 
string so that broken ends could not fuse in new associations. As Good- 
speed has suggested, the cellular activity seems to play a part in X-ray 
susceptibility. As applied to the chromosomes, it appears that the period 
of greatest sensitivity to irradiation is correlated with the greatest activity 
in the coiling mechanism, both minor coiling and relational coiling. At 
this time the chromosomes appear to be under torsional strain, and some 
of the breaks will be prevented from rejoining in the original position, 
and adjacent breaks in adjacent chromatids or chromosomes will join in 
new associations (Catcheside 1936). The great susceptibility of meiotic 
prophase chromosomes can be attributed to relational coiling of both 
chromatids and chromosomes and the greatly increased length of the 
chromonemata which would provide greater opportunity for union of 
breaks in adjacent chromosomes. Gross chromosome aberrations would not 
be expected frequently in the metaphase chromosomes, owing to closely 
coiled spirals, or in the resting stage where the chromosomes are not under 
much torsional strain. The distribution of X-ray-induced mutations is 
not at random in the chromosomes of Drosophila (Gowen and Gay 1933), 
and chromosome breaks are not at random in Crepis (Lewitsky and 
SizovA 1935), or in Tradescantia. The concentration of breaks in the 
proximal half of the chromosome arms may be associated with greater 
mechanical stress in that region. The differential susceptibility of different 
stages of nuclear development and of different chromosome loci indicates 
that permanent breaks and fusions are, in part, dependent upon secondary 
factors which are effective during irradiation. 

Various attempts have been made to determine the size or diameter of 
the sensitive volume of the gene string by radiation-genetic and cytological 
methods. The number of electrons from the X-ray source which strike a 
nucleus or chromosome can be calculated approximately from physical 
data. The number of effective hits is measured by the mutation fre- 
quency or the frequency of chromosome aberrations. From these data the 
size or diameter of the essential part of the gene string is determined. 



KARL SAX 


512 

Assuming that the gene is spherical, Gowen and Gay (1933) found the 
diameter of the sensitive volume to be o.oi/x. Marshak (1937), working 
with plants, estimates the diameter of the gene string to be .001 fi, while 
Haskins and Enzmann (1938) calculate the diameter of the sensitive 
volume as .014//. At best, these determinations are only rough approxi- 
mations, and are subject to other errors because it is assumed that every 
hit in the sensitive region of the gene string produces a chromosome break 
or mutation, regardless of the state of development of the nucleus. How- 
ever, the use of these measurements of sensitive volume is of some interest 
as applied to chromosome breaks in irradiated Tradescantia. Using 
Marshak^s calculation of the number of electrons which strike a given 
nuclear area per roentgen of dosage, we can estimate the theoretical 
number of X-ray hits striking the chromosomes of Tradescantia. The 
total length of the haploid gene string in the six chromosomes of Trades- 
cantia is approximately 48oju. If the diameter of the essential part of the 
gene string is .ooiix. as estimated by Marshak, we should expect 1.5 hits 
per cell at 150 r, but if the gene string has a diameter of .01, as calculated 
by Gowen and Gay, we should expect 15 hits in the chromosomes of a 
single microspore. The actual number of breaks induced by 150 r at the 
time of greatest sensitivity in meiosis is about 3; at mitotic prophase, 
about 0.7 ; and at the resting stage of the microspore nucleus, about 0.2 per 
cell. If the maximum number of breaks is a measure of hits, the diameter 
of the actual gene string of Tradescantia chromosomes is between .01 and 
.ooi/x. But if any part of the visible chromonema is hit by an electron, 
the secondary effects could certainly spread far enough to cause breaks 
in the gene string, since a single ^^hit” can break two chromatids which are 
at least o.i/z apart. Since the chromosomes are visible at the stage of 
greatest elongation at leptotene and early pachytene, we can take the 
diameter of a visible chromonema as about o.iju. Calculated on this basis, 
the total number of hits in all chromosomes of a microspore would be 
150 at a dosage of 1501. The relatively great X-ray intensities used to 
induce mutations in plants and animals also indicate that few X-ray hits 
are effective in inducing mutations. 

The cytoiogical evidence indicates that many of the breaks induced by 
X-ray hits do not lead to permanent aberrations. The fact that ten times 
as many aberrations are induced at meiotic prophase as are induced at 
the microspore resting stage with the same dosage, suggests that most 
of the potential breaks induced at the resting stage result in no change in 
chromosome morphology. The chromosome fusions are dependent on 
simultaneous breaks in closely adjacent chromosomes, while simple breaks 
and terminal deletions would be expected at any locus, and yet more than 
80 percent of the visible aberrations are chromosome fusions. This rela- 
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tionship also suggests that most breaks are temporary. In addition, we 
have the evidence from direct observation. Achromatic lesions are fre- 
quent, and these appear to be induced by partial breakage or by a 
reunion of broken ends. The evidence from pollen sterility shows that few 
of the X-ray hits produce haploid lethals. Evidently few of the hits on 
the gene string and its surrounding chromatin are effective in producing 
either permanent chromosome aberrations or mutations. 

In many respects the X-ray-induced breaks resemble the spontaneous 
breaks occurring at the time of crossing over. They occur most frequently 
at the time of differentiation of sister chromatids; broken ends usually 
reunite with other broken ends; the distribution of breaks which lead 
to aberrations is not at random in the chromosome; and there is no 
evidence that the break is the direct cause of mutation. 

The fact that there is no temperature coefficient for X-ray-induced 
chromosome aberrations or mutations indicates that the X-ray effect is 
immediate and is not due to delayed chemical reactions. There is no 
evidence for any delay in either the breaking of chromosomes or the pro- 
duction of mutations following irradiation. 

It is well known that broken ends of chromosomes have a strong tend- 
ency to fuse with other broken ends, and that the normal ends of chromo- 
somes have characteristics not found at interstitial loci. Permanent fusion 
of normal chromosome ends does not occur even in irradiated cells. In 
some cases a break in a chromosome is followed by the fusion of the ends 
of adjacent broken chromatids. Breaks in inversion bridges at meiosis 
appear to produce a terminal fusion of sister chromatids at the break, so 
that a single bridge is formed at the following mitotic division in the 
microspore (Sax 1937). In the X-rayed microspores, such fusions occur 
when the chromosome is irradiated at late prophase when the chromatids 
are visibly differentiated; but no such fusion occurs if the chromosomes 
are irradiated during the resting stage. At this time, they usually react 
to irradiation as though there were only a single chromonema, and when 
the chromatids become differentiated and are analyzed at metaphase, 
there is no fusion of broken ends of adjacent sister chromatids (figs. 12 
and 22). This behavior indicates that broken ends of chromosomes induced 
by X-rays may function as normal ends and separate freely without fusion 
and bridge formation. It is not clear how these results can be reconciled 
with earlier observations. 

A comparison of X-ray-induced mutations and induced chromosome 
aberrations shows great similarity of the reactions. Both show an immedi- 
ate effect of irradiation; there is no temperature coefiScient for X-ray 
effects; there is differential susceptibility to irradiation; and there is 
some evidence of a differential effect at various loci of a single chromo- 



KARL SAX 


514 

some. The discrepancy in dosage-response relations can be attributed to 
the elimination of most of the gross chromosome aberrations. The X-rays 
are not unique in their effects on mutation and chromosome aberrations, 
because both changes are produced simultaneously by age, or heat, or 
genetic factors (Sax 1937). 

The similarity in chromosome aberration and mutation response to 
irradiation; the simultaneous production of both chromosome aberration 
and mutations by X-rays, heat, and age; and the fact that many of the 
X-ray hits produce neither chromosome aberrations nor mutations, sug- 
gests that mutations are produced by structural changes in the chromo- 
somes. Mutations frequently are associated with chromosome aberrations, 
and several geneticists have suggested that all mutations are caused by 
deletions or chromosome rearrangement (Goldschmidt 1938). Sokolow 
(1937) believes that all mutations are caused by position effects, some of 
which involve only a few bands in the salivary chromosome of Drosophila. 
Demeeec (1937) finds that many of the X-ray-induced lethals in Dro- 
sophila are associated with chromosome deficiencies; but for spontaneous 
lethals and for visible mutations, no corresponding chromosome aberra- 
tions could be detected in the salivary gland chromosomes. Moreover, 
many known translocations and inversions in both plants and animals 
are not associated with any phenotypic differentiation. If mutations are 
caused only by chromosome aberrations, many of the changes must be 
of a submicroscopic order, and the distinction between gene changes and 
position effect becomes arbitrary. 

SUMMARY 

An analysis of X-ray induced chromosome aberrations in Tradescantia 
microspores has shown that : — 

1. The first recognizable aberrations are fusions of sister chromatids 
with no acentric fragments. The more significant visible aberrations which 
appear later include terminal deletions of chromatids and chromosomes, 
chromatid and chromosome fusions accompanied by acentric fragments, 
and reciprocal translocations. 

2. Chromosome rearrangements are caused by breaks followed by fusion 
of broken ends. 

3. The effects of a single X-ray “hit” can break one or both sister 
chromatids, and may break two adjacent chromosomes. 

4. Most of the X-ray “hits” cause no permanent breaks in the chromo- 
some and have no lethal effect on the male gametoph5rte. In many respects 
the induced breaks are similar to naturab breaks occurring at the time 
of crossing over. 
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5. The chromosome is split early in the resting stage of the nucleus, 
and may be split earlier. 

6. The percentage of gross chromosome aberrations increases geometri- 
cally with increased X-ray dosage, indicating that most of the chromosome 
fusions are dependent upon two independent adjacent hits. Most of these 
aberrations are eliminated in a few cell generations. 

7. There is no temperature coefl&cient for X-ray induced chromosome 
aberrations, indicating that the X-ray effect is not caused by a secondary 
chemical reaction. 

8. There is considerable differential susceptibility to irradiation at 
different periods in the meiotic and mitotic cycles. The greatest frequency 
of chromosome aberrations is associated with greatest chromosome 
activity, — at meiotic and mitotic prophase. 

9. Chromosome breaks do not occur at random in the chromosome. 

10. The relation between irradiation and chromosome aberration is sim- 
ilar to the relation between irradiation and mutation. Small inversions 
and deletions induced by a single “hit” can be attributed to breaks and 
fusions in adjacent coiled chromonemata. 

This work was supported, in part, by a grant from the National Re- 
search Council Committee on Radiation. The writer is indebted also to 
Dr. W. J. Crozier for the use of the X-ray equipment, to Dr. E. V. 
Enzmann for raying the Tradescantia buds, and to Margery Poole for 
technical assistance. 
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D uring an examination of meiosis in 336 plants of 50 viilgare-]jik.t 
lines, derived from interspecific crosses involving four varieties of 
Triiicum vulgar e and T. durum var. lumiUo, pollen mother-cells with 
aberrant chromosome numbers were found in plants with 39, 40, 41 and 
42 chromosomes. 

MATERIAL AND METHODS 

The 50 lines used in this study were obtained from Dr. R. F. Peterson, 
Dominion Rust Research Laboratory, Winnipeg, Manitoba. The parental 
varieties were: T. vulgare (20=42) var’s. Marquis, Marquillo (derived 
from a Marquis X lumillo cross), Hope (derived from a Marquis X Yaro- 
slav Emmer cross), and R.L. 729 (derived from a Pentad durum X Marquis 
cross); T. durum var. lumillo (20 = 28). 

One anther, only, was used in the preparation of each slide, and the 
observations were made before and after the smear slides were made 
permanent. 

OBSERVATIONS 

From the results s umm arized in table i, it is seen that aberrant pollen 
mother-cells were found in one or more plants of all crosses studied, and in 
all generations recorded with the exception of Ft lumillo X R.L. 729. 


Table 1 

The distribution of the aberrant pollen motker-cdls. 


MATERIAL 

NXTMBmt OF FAMILIES WITH 
ABERRANT FLANTS/TOTAL 
FAMILIES STUDIED 

2 HJMBER OF PLANTS WITH 
ABERRANT PMC/TOTAL 
PLANTS STUDIED 

Marquis X lumillo F7 

1/ 9 

1/ so 

lumilloXHope F? 

S/l2 

8/ 82 

lumilloXHope F^ 

i/S 

2/ 28 

lumillo XR-L. 729 F7 

0/ 4 

0/ 28 

IumilioXR.L. 729 F« 

4/ 7 

4/ 46 

MarquiUoXlumiilo Fs 

1/13 

1/102 

Totals 

12/so 

. 16/33^ 


^ Contribution No. io8, Cereal Division, Central Experimental Farm, Department of Agri- 
culture, Ottawa, Canada. 
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The frequencies of plants with aberrant pollen mother-cells in the 
various crosses were : MarquiUo Xlumillo, 0.98 percent; Marquis X lumillo, 
2.00 percent; lumffloXR-L. 729, 5.4S percent; and lumillo X Hope, 9.09 
percent (c/. table 1). Aberrant pollen mother-cells were found in six of the 
140 plants with 42 chromosomes (4.2%), seven of the 98 plants with 41 
chromosomes (7.1%), two of the 50 plants with 40 chromosomes (4.0%), 
and one of the 27 plants with 39 chromosomes (3.7%)- 

Seventy-six aberrant pollen mother-cells were observed among the 505 
pollen mother-cells examined in 16 plants distributed among r2 families. 
The number of aberrant pollen mother-cells recorded in any one plant' 
varied from one to 20. Their chromosome complements varied from 15 to 
61, and the number of bivalent chromosomes varied from three to 29. 
The data are given in table 2. Details of the chromosome number and 
arrangement in aberrant pollen mother-cells of two plants are given in 
tables 3 and 4. Typical aberrant pollen mother-cells are illustrated and for 
comparison, four “normal” (2n) pollen mother-cells from plants with 39, 
40, 41 and 42 chromosomes are also included (Plate I, figures i-ii). 

DISCUSSION 

Hollingshead (1932) reported the rare occurrence of one or a small 
group of pollen mother-cells with less than the normal number of chromo- 
somes in MarquiUo and in a hybrid of T. vulgare var. Garnet with an un- 
known variety. 

Katterman (1933) described the occurrence of such hypoploid pollen 
mother-cells in wheat-rye hybrids. His paper also included a review of the 
literature on cytomixis, to which phenomenon he ascribed the abnormali- 


DeSCMPTION Cf PlAXE I 

Photomicrographs of pollen mother-cells in mlgare-Vikt derivatives of pentaploid wheat hy- 
brids. Aceto-carmine preparations. X540. 

Figure i. Normal cell in a 39-chromosome plant. Nineteen bivalents and one univalent. 
Figure 2, Aberrant cell in the same plant. Six bivalents and eight univalents. 

Figure 3. Normal cell in a 40-chromosome plant. Nineteen bivalents and two univalents. 
Figure 4. Aberrant cell in a 40-chromosome plant. Ten bivalents and ten univalents. Not 
flattenai. 

Figure 5. Normal cell in a 41-chromosome plant. Twenty bivalents and one univalent. 
Figure 6 . Aberrant cell in a 41-chromosome plant. Six bivalents and eleven univalents. Not 
flattened. 

Figure 7, Normal cell in a 42-chromosome plant. Twenty-one bivalents. 

Figures 8-1 i. Aberrant cells in 42-chromosome plants. 

FlG^ptE 8. Three bivalents and nine univalents. 

FksURE 9. Five bivalents and ten univalents. 

Figures 10 and 11. Contiguous cells with a total of 84 chromosomes. 

Figure 10. Twenty-nine bivalents and three univalents, 

PiGi^tE II. Ten bivalents and three univalents. 



Love, chromosomes of hybrid wheat 


Plate ] 









CHROMOSOMES OF HYBRID WHEAT 519 


Table 2 

The occurrence^ and range in chromosome number , of the aberrant pollen mother-cells. 


MATERIAL 

ACCESSION 

NUMBER 

CHROMOSOME 

NUMBER AND 

ARRANGEMENT 

CHARACTERISTIC 

OF PLANT* 

NUMBER OF 

aberrant/ 

NORMAL 

PMC 

CHROMOSOME 

NUMBERS AND 

ARRANGEMENT IN 

ABERRANT PMC 

Marquis Xlumillo F7 

36-225.8 

42 (2 in) 

3/21 

20 (Sll) 

lumilloXHope F7 

36-233 . I 

41 (2011+11) 

IS/27 

20-30 (6-ion) 


•7 

40 (1911+21) 

2/20 

32 (im) 


-235-9 

42 (2111) 

1/20 

23 (611) 


-236.2 

40 (191I+21) 

I/I4 

25 (611) 


-241.8 

41 (2011+ Ii) 

2/32 

22, 23 (5n, 711) 


-242.6 

41 (2011+11) 

3/50 

16-28 (5“9n) 


.8 

39 (iQH+Il) 

2/26 

20 (611) 


•9 

41 (2011+11) 

20/49 

20-30 (4-1011) 

lumilloXHope Fe 

36-246 . I 

41 (2OTI+I1) 

1/26 

29 (lOll) 


•3 

41 (2011+ n) 

3/20 

26 (6n) 

lumilloXR.L, 729 Fo 

36-249.9 

42 (2 til) 

1/30 

34 (< 5 ii) 


-252.3 

42 (2III) 

1/20 

25 (911) 


- 2 SS-S 

41 (2011+ ll) 

14/31 

30 (iiii) 


-256.7 

42 (2in) 

5/20 

15, 27 (311, 911) 

Marquillo Xlumillo F® 

36-271.11 

42 (2111) 

2/23 

23, 61 (ion, 2911) 


11 signifies bivalent, i signifies univalent. 


ties found in his material. Katterman found pollen mother-cells with the 
following irregularities: in the first metaphase division, an excess of chro- 
matin in addition to the normal set of chromosomes; in early diakinesis, 
secondary nuclei in addition to the main nucleus; and in zygotene and 
pachytene, cytomixis, that is, the passage of nuclear material from one 
pollen mother-cell to another. 


Table 3 

Chromosome number and arrangement in aberrant pollen mother-cells of plant ^6-2 $$.1 {2%^ 41), 


CHROMOSOME NUMBER 

ARRANGEMENT 

FREQUENCV 

20 


I 

21 

611+ 91 

I 

21 

7ri+ ll 

3 

22 

6n+ loi 

I 

23 

611+ m 

5 

23 

7n+ 91 

I 

25 

7n+iii 

2 

30 

xon+ioj 

I 
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The writer (1936) recorded the occurrence of two “haploid” pollen 
mother-cells in a 42-chromosome derivative of the intra-w/gare wheat 
cross H-44X Reward. Perhaps of some significance is the origin, in similar 
material, of a 35-chromosome (14 bivalents and 7 univalents) plant from a 
selfed 42-chromosome plant. 

Yastji (1937) found aberrant pollen mother-cells in an artificially pro- 
duced Papaver hybrid. She observed normal, giant and small pollen 
mother-cells and attributed the phenomena to hybridity or to aneuploidy. 
Some of the small pollen mother-cells aborted, and she suggested that this 
was due to the loss of genes which govern the meiotic process. 


Tabie 4 

Chromosome number and arrangement in aberrant pollen nwther-cdls of plant 26-242-9 {2n = 4i). 


CHROMOSOME NTJMBER 

ARRANGEMENT 

EREQUENCy 

20 

5n +101 

I 

20 

611 4 * 81 

2 

22 

4 ii -|-i 4 i 

I 

26 

ini 4 “ 611+ 1 It 

I 

27 

9n 4 " 91 

S 

28 

7 n +141 

3 

28 

8n -I-121 

3 

28 

911 4-101 

I 

29 

7 n +151 

X 

29 

911 “hm 

I 

30 

loii 4-101 

I 


In the present material no fragments or extra chromatin were found in 
any of the aberrant or normal pollen mother-cells. If cytomixis is the cause 
of their origin it must have occurred at least several cell generations pre- 
ceding meiosis. Only one anther in a flower has been found with aberrant 
poUen mother-cells. This limits their origin, in this material, to a state 
late in ontogeny. 

The two contiguous aberrant pollen mother-cells (Plate I, figures 10 and 
11) in plant 36-271. ii (2n=42) contained a total of 84 chromosomes: 
29 bivalents and 3 univalents, and 10 bivalents and 3 univalents, re- 
spectively. It appears that failure of cytokinesis in a spermatogenous cell 
resulted in one with 84 chromosomes. An atypical premeiotic mitosis then 
gave rise to the two pollen mother-cells, one with 61 and the other with 
23 chromosomes. 

Each of the 14 aberrant pollen mother-cells in plant 36-255.5 (2n=4i) 
had 30 chromosomes (ii bivalents and 8 univalents). It is logical to as- 
sume thdk an atypical division occurred at least four cell generations be- 
fore meiosis and that the sister cell with ii chromosomes was eliminated. 
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(The lowest aberrant chromosome number observed in this material 
‘Was 15 (Plate I, figure 8). Compare also the abortion of the small pollen 
mother-cells reported by Yasui (1937).) 

On the other hand, the aberrant pollen mother-cells in some plants 
exhibited a wide range with respect to chromosome number (tables 3 and 
4). Presumably these owe their origin to one atypical mitosis in each plant, 
followed by irregularities in succeeding cell generations, or to atypical 
mitoses of several normal cells. The aberrant pollen mother-cells are 
usually characterized by relatively large numbers of unpaired chromo- 
somes (tables 2, 3 and 4; Plate I, figures 2, 4, 6, 8 and 9). 

Since more than four percent of the 42-chromosome plants contained 
aberrant pollen mother-cells, their origin in others can not be attributed to 
an aneuploid condition of the plants. An upset in mitosis seems to be the 
cause of the origin of these hypo- and hyperploid pollen mother-cells. In 
hybrid material such as this, atypical mitoses are probably due to mutually 
incompatible genes contributed by the different parents to some of their 
progeny, or to incompatible cytoplasm-gene combinations. The fact that 
the lumilloXHope derivatives (which have three species in their parent- 
age) contributed over one-half of the aberrant plants, though including 
less than one-third of the material examined, emphasizes the r 61 e of 
hybridity in producing such incompatibilities. The specificity of the re- 
actions involved is, at the same time, indicated by the complete regularity, 
so far as examined, of the remaining 320 hybrid plants, of which 184 were 
unbalanced, aneuploid types. 
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SUMMARY 

1. Pollen mother-cells with less (and one with more) than 2x1 chromo- 
somes are recorded in 16 out of 336 plants derived from pcntaploid wheat 
hybrids. 

2. The chromosome number in the aberrant pollen mother-cells ranged 
from 15 to 61; the number of bivalent chromosomes varied from 3 to 29. 

3. Their occurrence in only one anther of a plant limits their origin to a 
stage late in ontogeny. 

APPENDIX 

Since the above paper was completed, the writer has observed two 
hypoploid pollen mother-cells with 18 chromosomes (5 bivalents and 8 
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univalents) in a dwarf, sterile, 40-chromosome (20 bivalents) winter 
wheat plant. The plant arose in an off-type line of the variety Dawson’s 
Golden Chaff {T. vulgare). The conclusion reached earlier is emphasized, 
namely, that the aberrant pollen mother-cells reported in the above paper 
are not due to hybridity per se, but to incompatible gene combinations in 
certain hybrid derivatives. 
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INTRODUCTION 

P erhaps the most striking feature of the spotting patterns found in 
individuals or strains of many mammalian species is their great 
variety. They seem all to have the same immediate basis, failure of pig- 
mentogenesis in the hair follicles of some portion of the skin. But the site 
of the failure is almost unique to each spotted individual. 

Considerable variability persists even in strains where the chance of 
genetic segregation has been minimized by long inbreeding (Dunn 1920). 
For example, one strain reported in the first paper of this scries (Dunn 
and Charles 1937) included individuals with few or no white hairs 
dorsally, others with unpigmented fur on as much as 25 percent of the 
dorsum, and a majority of intermediate grade. Among mice with about 
the same amount of white some had the unpigmented areas only on the 
left side, some only on the right and some on both. 

That there is, however, a certain order in the intra-strain variation of 
spotting pattern has long been recognized (Allen 1914). Thus, in the 
strain cited above, no individual bore white hairs dorsally elsewhere than 
on the lumbar region and the distal portions of the legs and tail. Further- 
more within the general lumbar area the central portion seems to be more 
frequently unpigmented than portions either more anterior or more pos- 
terior. Similarly there were more mice with white fur only on the feet and 
tail tip than with white fur extending more proximally on the legs and tail. 
Thus different body regions are much less sharply differentiated in their 
non-genetic variation than they are in the single spotted individual, as 
Wright (1920) has pointed out. Each small skin area has a characteristic 
potentiality for developing pigment measurable by the proportion of 
animals within a strain bearing pigmented fur on the area; and the po- 
tentiality seems to vary systematically from area to area over the body 
surface, forming some sort of a gradient field which depends presumably on 

^ Submitted in partial fulfillment of the requirements for the degree of Doctor of Philosophy of 
Columbia University. The writer is grateful to the Trustees and Council of Columbia University 
for a University Fellowship in Zoology (i 933-4) during tenure of which part of the present work 
was done; and to Professor L. C. Dunn for many kindnesses during the course of the investi- 
gation. 
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systematic regional differences in the operating conditions of the relevant 
genes. 

It is with the measurement and comparison of such gradient fields, in 
the presence of six different combinations of “spotting” genes, that the 
present study is concerned. It has seemed desirable at the same time to 
re-examine the pigmentogenic enzyme content of pigmented and colorless 
hair follicles previously studied by Onslow (1915) and Bloch (1917) 
among others. 

MEASUREMENT OF PATTERN VARIATION IN SPOTTED 
STRAINS AND HYBRIDS 


Material 

Four strains of mice from the colony of Professor L. C. Dunn, and three 
groups of hybrids among these strains, have been used. The origin and 
appearance of these strains, and the genetic basis of their spotting, have 
been described in detail in Part I (Dunn and Charles 1937). 

Line K shows white fur on or near the lumbar region, generally in the 
form of a transverse white belt which may be partial or irregular or contain 
an “island” of white hairs. Line 190 is similar except that the white areas 
often seem to extend more posteriorly than any in Line K; there are more 
individuals with higher proportions of white fur. Line 66 ordinarily has 
very little white fur, in the form of a narrow unilateral belt or median 
spot in the lumbar region. Line 19 is “all white” except for a single rump 
or ear patch on a few individuals. If attention is confined to the proportion 
of white fur on the dorsal surface, without regard to its location, the four 
strains and the three groups of hybrids are as follows : 


Percent of white on dorsum 


o 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 N 


Percent of strain showing given amount of white 

wild 100 

L66 18 73 7 162 

LK I 3 18 20 24 27 7 262 

I 4 7 II 24 34 16 2 140 

LKXL19 3 8 17 23 25 17 60 

L66XL19 2 2 16 35 14 10 14 2 2 22 57 

L190XL19 2 6 8 19 19 25 10 4 6 48 


5 17 78 173 

That the intra-strain pattern differences indicated in this table did not 
depend upon gene differences seems probable from the extent of previous 
inbreeding and from the mother-offspring, father-offspring correlation 
coefficients which are L66, 0.22, 0.22; LK, 0.16, 0,09; L190, 0.16, o. 

For convenience the four pure lines will sometimes be referred to in the 
following pages by their average proportions of white fur; that is, 4% 
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=L66; 2o% = LK; 35% = Li9o; ioo%=Li9. The hybrids will be denoted 
by the product of the parent averages; for example (20% X 100%) 
=LKXLi9. 

The 4% and 35% lines each carry the piebald gene “s” of the older 
literature. The 100% line has this gene and in addition at least three other 
mutant alleles tending to produce white spotting and acting cumulatively 
with s. The 20% strain has the wild type allele of 5 but otherwise carries 
most or all of the mutant alleles of the 100% line. The main ones of this 
latter group may be designated by k, e, /; it is probable that there are a 
few other mutant genes with minor effects in the 20% and 100% stocks. 
The tentative genotypes of the four strains are: 4% ssKKEEFF; 20%, 
SSkkeeff; 35%, ssKKEEff; 100%, sskkeeff,wild type being SSKKEEFF. 
For the present purposes the precise number of genes differentiating the 
strains is less important than the clear fact that the pattern differences 
among strains are genetically determined (Dxtnn and Charles 1937). 

Method 

Camera lucida tracings were made of the spotting patterns of the 
following mice, each at 10+ days of age: 27 ssKkEeff (35% X 100%); 
31 ssKkEeFf (4%Xioo%); 21 ssKKEEff (35%); 48 Sskkeeff (20% 
Xioo%); 94 SSkkeeff (20%); and 56 ssKKEEFF (4%). At the age when 
tracings were made the hairs are still quite short so that the superficial 
pattern corresponds closely with that at the surface of the skin. 

Each mouse was etherized and so arranged beneath the camera lucida 
that its projected outline coincided as closely as possible with a standard 
diagram drawn on quadrille paper with tenth-inch rulings; the projected 
boundaries between colored and white areas were then traced on the 
diagram. (It was not always possible to make the two outlines coincide 
completely; in these cases the pattern boundaries were not traced exactly 
but were shortened or lengthened proportionately.) There were thus ob- 
tained a number of identical-area pattern records, identically subdivided. 

Two representative tracings from each of the six genotypic groups are 
shown in figure i. (In this figure the original quadrille rulings have not 
been reproduced and the areas bearing colored fur have been blacked in.) 

Data 

From the pattern tracings was obtained the “frequency of pigmentation” 
at each of 508 skin points for each of the six genotypic groups. This was 
done simply by counting what proportion of the tracings in a group 
showed pigmented fur at the center of the first square, what proportion at 
the center of the second square, and so on for each of the 508 squares into 
which the quadrille rulings divide the standard diagram. 
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The frequencies so obtained are represented in figures 2-4 where the 
height of each square pillar is the proportion of mice of the given genot3q)e 
bearing pigmented fur at the center of the skin region beneath the pillar. 




Ficobe I. — Representative dorsal patterns of six genetic types of spotted mice. 


Each figure is a gradient field measuring the regionally-variable po- 
tentiality for forming pigment in the presence of a particular gene combi- 
nation. 

The frequencies in figures 2-4 can be identified with ‘‘points” of skin 
only with certain qualifications arising as follows. In tracing the spotting 
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patterns, as has been indicated, it was not always possible to arrange the 
mouse to coincide exactly with the outlines of the diagram. In such cases 



Figure 2. — Pigmentation frequencies at 508 skin points in 
ssKKEEFF and ssKkEeFf spotted mice. 


it was necessary to enlarge or reduce portions of the projected pattern in 
the tracing process. In addition, slight changes in position of the eye dur- 
ing tracing tended to produce irregular shifts in position of the projected 
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pattern. In consequence even repeated tracings of the same mouse would 
be expected to show the same point of shin represented at somewhat 
different positions on the diagram. Conversely, a constant point of the 
diagram corresponds to somewhat different points on the different skins 
traced. The range of this uncertainty can scarcely have been less than 
I percent of the distance from nose tip to tail base, nor much more than 
3 percent. Consequently the frequency of pigmented fur represented at a 
given point in a set of tracings is a complex average of the actual fre- 
quencies within an area of diameter equal to 1—3 percent of the body 
length. For convenience the frequencies will be referred to subsequently 
as though they described events at actual points of skin, but the limitation 
may be borne in mind. 

The six gradient fields of figures 2-4 are represented as contour maps in 
figure 5. Each of these maps has been made by plotting on a standard 
diagram the series of points where the pigmentation frequency of one 
genotype is 10, 30, 50, 70 and 90 percent; in most cases the points were 
located by interpolation. The points were then connected by smooth lines, 
but they give a fair approximation to the contours of the three-dimensional 
figures. 

It will be noticed that several of the maps have contour lines at very 
nearly the same location. The 30 and 70 percent lines on the head of 
ssKkEeff correspond very closely to the 50 and 90 percent lines, respec- 
tively, of ssKkEeFf. The 50 percent line on the anterior dorsum of Sskkeeff 
corresponds to the 90 percent line of SSkkeeff. Also in general the contour 
lines on each part of the body run in nearly the same direction for all 
genotypes, regardless of the actual values. Altogether it seems as though 
isopotential, that is similarly reacting, strips of tissue were being dealt 
with: whatever the pigmentation frequency of a particular point may be in 
the presence of a particular gene combination, all other points on the strip 
have very nearly the same value. 

Two other general relations are readily seen by comparisons among the 
data of figures 2-4, as follows. 

Relative height of frequency field in homozygote and heterozygote. Three 
such comparisons can be made: ssKKEEFF with ssKkEeFf (figure 2) ; 
sskkeeff wiih Sskkeeff (figure 3) and ssKKEEff with ssKkEeff (figure 4). 
In each case the homozygote can be seen to have a higher pigmentation 
potentiality than the heterozygote at every point (except where both are 
o or 100 percent) as might be expected. That is, substitution of the wild 
type genes for the mutant aUeles simply increases the pigmentation fre- 
quency at each point of the skin (except where the frequency is already 
100 percent in the heterozygote). As to the magnitude of increment, the 
most obvious possibility is that it should be ever3nirhere the same. That 
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such is not the case is shown by table i: the increment varies with the 
pigmentation frequency in the heterozygote, and perhaps with the general 



Figure 3. — ^Pigmentation frequencies at 508 skin pointsln 
SSkkeeff and Sskkeeff spotted mice. 


region of the body. However, as will be seen in the analytical section, an 
approach to constancy of increment from heterozygote to homozygote is 
obtained if the pigmentation frequencies are transformed in a simple way* 
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Action of different loci on the frequency field. The simplest expectation 
here is that the six gradient fields should have the same general form and 
fall into a simple series with respect to height, their order being the same 
at every point of the skin. Such a situation might be expected if the .y, k, 

Table i 

Pigmentation frequeficyy in percent, of cmresponMng skin points in heterozygous and hoinozygous 
spotted mice; the increments from heterozygote to homozygote are shown in brackets. 


Sskkeeff (56 mice) average frequency" in SSkkeeff (94 mice) 


RANGE 

AVER- 

AGE 

HIND LEGS 

AND TAIL 

POSTERIOR 

DORSUM 

ANTERIOR 

DORSUM 

FORELEGS 

HEAD 

TOTAL 

POINTS 

9 

5 

18 (13) 

34 (29) 

25 (20) 

47 (42) 

— 

48 

io~i8 

14 

30 (16) 

42 (28) 

38 (24) 

55 (41) 

— 

42 

19-26 

22 

49 (27) 

58 (36) 

61 (39) 

79 (57) 


19 

27-34 

30 

70 (40) 

74 (44) 

67 (37) 

92 (62) 

— 

12 

3 S -43 

39 

86 (47) 

84 (45) 

84 (45) 

79 (40) 

— 

10 

44-51 

47 

79 (32) 

— 

93 (46) 

97 (5°) 

— 

8 

52-59 

55 

97 (42) 

95 (40) 

96 (41) 

97 (42) 

— 

13 

60-68 

64 

95 (31) 

95 (31) 

100 (36) 

97 (33) 

— 

9 

69-76 

72 

100 taS) 

95 (23) 

100 (28) 

97 (25) 

— 

17 

77-84 

80 

100 (20) 

98 (18) 

100 (20) 

98 (18) 

— 

29 

85-93 

89 

100 (ii) 

98 ( 9) 

100 (ll) 

100 (ll) 


17 

94-99 

96 

98 ( 2) 

100 ( 4) 

100 ( 4) 

100 ( 4) 

— 

46 

100 

— 

100 

— 

100 

100 

— 

79 

ssKkEeff (27 mice) 


AVERAGE FREQUENCY IN SsKKEEff (2I 

mice) 


0 

— 

9 

4 

27 

41 


137 

I- 9 

5 

9 ( 4) 

6 ( i) 

48 (43) 

42 (37) 

— 

98 

10-17 

13 

33 (20) 

32 (19) 

73 (60) 

64 (51) 

96 (83) 

34 

18-24 

21 

36 (15) 

40 (19) 

76 (55) 

74 (53) 

94 (73) 

23 

25-32 

29 

— 

59 (30) 

85 (56) 


100 (71) 

12 

33-39 

36 

— 

83 (47) 

89 (53) 


100 (64) 

15 

40-47 

44 

55 (ii) 

78 (34) 

93 (49) 


99 (55) 

28 

48-54 

51 

— 

77 (26) 

93 (42) 


100 (49) 

14 

55-^2 

S8 

51 (-7) 

95 (37) 

95 (37) 

— 

100 (42) 

17 

63-69 

66 

71 ( s) 

— 

100 (34) 

— 

100 (34) 

10 

70-77 

73 

82(9) 

92 (19) 

— 

— 

100 (27) 

15 

78-84 

81 

96 (15) 

94 (13) 

— 

— 

100 (19) 

23 

85-91 

88 

97 ( 9) 

100 (12) 


— 

100 (12) 

20 

92-99 

95 

98(3) 

100 ( s) 


— 

100 ( 5) 

18 

100 



100 

100 


100 

20 


e and/ alleles all had the same sort of primary effect, but different degrees 
of activity, as Wright (1920) has assumed to be the case for a group of 
setting genes in the guinea pig. The expectation seems to be fulfilled in 
the ca^of {A%),ssKKEE}f ssKkEeFf {^%Xxoo%) 

and ssKkEeff (3S%X 100%). Six comparisons can be made among these 
genotypes, taking two at a time: ssKKEEFF and ssKKEEffh&ve already 
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been seen to be consistently higher than ssKkEeFf and ssKkEeff, re- 
spectively; direct comparison of figures 2 and 4 shows that ssKKEEFF is 




Figure 4. — Pigmentation frequencies at 50$ skin points in 
ssKKEEff and ssKkEeff spotted mice. 

higher than ssKkEeff, ssKKEEff\d^tx than ssKkEeFf. Two comparisons 
remain to be made: ssKKEEFP (4%) with ssKKEEff (35%) and 
ssKkEeFf (4%Xioo%) with ssKkEeff (35% X 100%); these are shown 
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in table 2. The ssKKEEFF field is higher than that of ssKKEEff, or equal 
to it at 100 percent, except at 42 of the 508 points. Nearly all of these 
points are on the extreme distal portions of the hind legs and tail where 
the data are least reliable since only few animals of either genotype bear 
pigmented fur there. 

The same sort of relation is found between the frequency fields of 
ssKkEeFf and ssKkEeff. The former is equal to, or greater than, the latter 
at 431 of the 495 points recorded in table 2. Of the remaining 64 points, 48 
bore pigmented fur in none, or only one, of the 31 ssKkEeFf mice and in 
one, or two, of the 27 ssKkEeff mice; the other 16 points had very nearly 


Table 2 

Relative frequency of pigmentation at corresponding skin points of diferent spotting genotypes. 





NUMBER OF POINTS 



RELATIVE FREQUENCY 

HIND LEGS 

AND TAIL 

POS- 

TERIOR 

DORSUM 

AN- 

TERIOR 

DORSUM 

FORE- 

LEGS 

HEAD 

TOTAL 

POINTS 

ssKKEEFF> ssKKEEff 

55 

86 

II7 

59 

6 

323 

SSKKEEFF KssKKEEff 

39 

0 

0 

3 

0 

42 

ssKKEEFF=^ssKKEEff 

24 

28 

3 

0 

88 

147 

=aiOO% 

ssKkEeFf> ssKkEeff 

83 

80 

95 

34 

80 

372 

ssKkEeFf< ssKkEeff 

2 

20 

II 

17 

14 

64 

ssKkEeFf — ssK kEeff 

30 

II 

7 

II 

0 

SO 

=0% or 100% 

ssKKEEff > Sskkeeff 

22 

8 

44 

2 

29 

105 

ssKKEEff<Sskk€eff 

68 

80 

73 

50 

6 

277 

ssKKEEff^ Sskkeeff 

24 

26 

3 

0 

50 

II 2 

~IOO% 


equal pigmentation frequencies. Since the differences at these discordant 
points are so small, they may perhaps be only a consequence of sampling 
error. 

Thus it seems probable that the frequency fields of ssKKEEFF, 
ssKKEEff, ssKkEeFf and ssKkEeff fall into a consistently diminishing 
series in the order indicated and that the KE and F wild type genes may 
thus have the same sort of primary or intermediate action. 

There seems however to be a different relation between the genot5q)es 
containing KE without S and those containing S without KE. The most 
extensive comparison avafiable is between ssKKEEff (35%) and Sskkeeff 
(20% X 100%), in table 2. The significant regions here are the head, 
where Sskkeeff often shows a white blaze although ssKKEEff never does. 
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and the posterior dorsum, where Sskkeeff has consistently higher pig- 
mentation frequencies. A similar reversal in relative height of fields can 
he seen by comparing figures 2 and 3; over the general lumbar area, 
ssKKEEFF has much higher pigmentation frequencies than SSkkeeff; 
but on the distal halves of the legs SSkkeeff is higher. It seems very un- 
likely, from the sizes of the two samples and from the range of frequencies 
over which the reversal is observed, that the reversal is only a matter of 
sampling error. 

sskkeeff (20%) and Sskkeeff (20% X 100%) thus do not fit into a con- 
sistent series with the other four genotypes, but have a pigmentation 
frequency field of fundamentally different shape. It seems probable ac- 
cordingly that S has a different primary or intermediate action than K, E 
and F. 

Correlations in pattern variation. A fourth general phenomenon of the 
variation in spotting pattern is the interrelation in pigmentation response 
(that is, forming or not forming pigment) among large groups of skin 
points. This has been previously studied by Allen (1914) in genetically 
heterogeneous groups from various mammalian species and by Iljin 
(1928) in guinea pigs. The immediately observable fact is that the skin 
of any spotted animal (except in the case of dominant spotting) consists 
of a small number of large pigmented or unpigmented regions. Further- 
more there is a limited variation in the arrangement of the two kinds 
of regions, within any homogeneous stock. In the lighter genot3q)es 
{ssKkEeFf, ssKkEeff) there are typically three patches of colored fur 
dorsally: one covering both sides of the rump and extending somewhat 
onto the legs and tail; one centering on each ear and extending towards 
the eyes and scapula. The two car patches may be confluent; there may 
be an “island” of colored fur somewhere between the ear and rump 
patches. In the darker genotypes (ssKKEEFF, SSkkeeff) there are rarely 
more than six regions of white fur, dorsally; one on each foot, one on the 
tail tip and one on the lumbar area. The foot and tail patches may extend 
for various distances centrally; there are occasionally two lumbar patches; 
in sskkeeff there is sometimes a white blaze on the forehead. In all groups 
no part of the leg or tail is pigmented unless there are also pigmented hairs 
on all more proximal parts of the appendage at least as far as the point 
indicated by the intersection of the dotted lines from leg and tail in the 
ssKKEEFF contour map in figure 5. Conversely if the knee, or tail base, 
bears white hairs, all more distal parts of the appendage do also. No part 
of the foreleg is pigmented unless there are pigmented hairs as far centrally 
as the base of the ear (intersection of the dotted lines on arm and body 
proper in figure 5). The anterior tip of the head is never pigmented unless 
there is colored fur at least as far posteriorly as the rear of the eye. 
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Although leg and tail pigmentation seem thus to depend on the forma- 
tion of pigment more centrally they do not depend on each other. That is 
(in SSkkeeff, Sskkeeff and ssKKEEFF) the proportion of aniinals with 
pigment at any one point on the leg and any one point on the tail has not 







Fioure $. — Contours of the pigmentation frequency surfaces in figures 2-4. 

been foimd to be significantly different from the chance expectation, that 
is, from the product of the pigmentation frequencies of the two points. 
Similarly no relation has been found between pigmentation of points on 
the tail and foreleg, on hind and fore leg or on opposite sides of the body. 
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A somewhat different situation is found in the central two-thirds of the 
body proper, that is, the central two-thirds of the longitudinal dotted 
line on the ssKKEEFF contour map in figure 5. The coefficients of as- 
sociation in pigmentation at pairs among ten points along this axis are 
shown in table 3, for SSkkeeff v^hick is the only group of tracings large 
enough to give fairly reliable results. There is a consistent association 
in presence or absence of pigment between any pair of adjacent points and 

Table 3 

Association in presence or absence of pigment at ten equidistant points extending from shoulder to 
rump {along the dotted line in figure 5) in SSkkeeff spotted mice. Nij is the number of animals with 
pigment at each of two points; Ni with pigment at the more anterior point only; iV„ at the most 
posterior point only; iVo, at neither; c is the coefficient of association, 

{Ni, • Nis-N,-Ni)/{NirN^A-Nv N,). 


POINTS 

N.i 

Ni 

Ni 

No 

c 

POINTS 

Nij 

Ni 

N, 

No 

c 

1.2 

52 

30 

0 

12 

I 

3-9 

17 

6 

59 

12 

—0.27 

1-3 

23 

59 

0 

12 

I 

3.10 

21 

2 

69 

2 

- 0-53 

1.4 

21 

61 

2 

10 

0.27 

4-5 

19 

4 

5 

66 

0.97 

1-5 

23 

59 

I 

II 

0.62 

4.6 

17 

6 

14 

57 

0.84 

1.6 

28 

54 

3 

9 

0.22 

4.7 

16 

7 

22 

49 

0.67 

1.7 

31 

51 

7 

5 

-0.39 

4.8 

17 

6 

33 

38 

0.53 

1.8 

41 

41 

9 

3 

—0.50 

4.9 

17 

6 

59 

12 

—0.27 

1.9 

65 

17 

11 

I 

—0,48 

4.10 

20 

3 

70 

I 

-0.83 

1. 10 

78 

4 

12 

0 

— I 

S.6 

21 

3 

10 

60 

0.9s 

2.3 

21 

31 

2 

40 

0.86 

5-7 

^9 

5 

19 

51 

0.82 

2.4 

14 

38 

9 

33 

o.is 

5.8 

20 

4 

30 

40 

0.74 

2-5 

14 

38 

10 

32 

0.08 

5‘9 

20 

4 

56 

14 

O.II 

2.6 

17 

35 

14 

28 

—O.OI 

5*10 

21 

3 

69 

I 

00 

6 

1 

2.7 

17 

35 

21 

21 

‘~o -35 

6.7 

28 

3 

10 

53 

0.96 

2.8 

24 

38 

26 

16 

—0.31 

6.8 

28 

3 

22 

41 

0.94 

2.9 

40 

12 

3<5 

6 

-^0.29 

6.9 

27 

4 

49 

14 

0,32 

2.10 

50 

2 

40 

2 

O.ll 

6.10 

27 

4 

63 

0 

— I 

3-4 

16 

7 

7 

64 

0.91 

7.8 

32 

6 

18 

38 

0.84 

3-5 

12 

IT 

12 

59 

0.69 

7.9 

3 ^> 

2 

40 

16 

0.74 

3 -<> 

13 

10 

18 

53 

0-59 

7.10 

36 

2 

54 

2 

—0.20 

3-7 

12 

XI 

26 

45 

0.31 

8.9 

43 

3 

29 

15 

0.78 

3.8 

15 

8 

35 

36 

0.3Z 

9.10 

74 

2 

16 

2 

0.64 


a decreasing association between points successively further apart. From 
each point the association falls to zero and then assumes negative values. 

The meaning of these negative values is not clear, but they must arise 
in part from the tracing method. The inaccuracies of alignment of the 
projected outline of a mouse against a standard diagram are such that, if a 
given mouse were traced repeatedly, the boundaries of a given white spot 
would not lie identically on the tracing. In general where the anterior 
boundary of the spot has been traced too far forward, the posterior bound- 
ary will also be too anterior; where the front boundary has been traced 
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further back, the rear boundary will also be relatively posterior. In re- 
peated tracings of the same mouse there should thus be an association 
coefi&cient of — i between presence of pigment at one point and another 
separated from it by the length of the spot traced. In tracings of different 
mice there will be a tendency to similar negative association between any 
two points which may lie immediately fore and aft of a white spot. Because 
of this error it is difl&cult to attach any meaning to the negative coefficients 
in table 3; the positive values indicate a real association. 

In general, the formation of pigment on either the posterior or anterior 
dorsum shows a decreasing association with pigment on points successively 
nearer the opposite end of the body. Formation of pigment in the mid- 
dorsum is decreasingly associated with the pigmentation response of 
points successively further away either anteriorly or posteriorly. It seems 
probable that a similar relation holds for all six genotypes. 

ANALYTICAL 

Pigmentation frequencies, Wright (1920, 1936) has used an ^Hnverse 
probability transformation’^ to convert the proportion of white fur in the 
skin of a spotted guinea pig into a quantity which is equivalent to an 
average ^'concentration” of some material throughout the skin, relative 
to a "critical concentration” for pigment formation. The same transforma- 
tion may be used to convert the pigmentation frequency of one skin point 
within a genotype into an "average concentration” at that point. The 
basis of the transformation is as follows. 

"Although the skin of a piebald guinea pig is divided sharply into areas 
in which pigment is either produced to the full amount characteristic of 
the animal, or is wholly absent, it is not to be supposed that the influences, 
which at some critical period in ontogeny determine whether a region is to 
be colored or white, are so sharply alternative in themselves. It seems 
more reasonable to suppose that the sums of favorable and unfavorable 
influences in different parts of the skin could be arranged in a graded 
series. Doubtless in certain white regions a slight difference in the condi- 
tions would have enabled color to develop, while in others a great change 
would have been necessary. Similarly with colored areas. Suppose, then, 
that the skin is divided into a large number of equal areas and that it were 
possible to determine the true potentiality of each area at the critical 
period in development. ... All areas which exceed this a ^critical po- 
tential produce color, while those which fall below, however slightly 
remain white ” (Wright 1920.) ^ 

The “true potentiality’' of the cells ancestral to a small area of a particu- 
lar shn at the “critical period in ontogeny” might be thought of, in the 
simplest possible way, as a concentration P of some unknown material. 
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The ^^critical potential” would then be the smallest concentration Po 
which could bring about the ultimate formation of pigment. Pigmented 
hairs would be borne on an area only if P had been equal to, or greater 
than, Po. Since some regions of an individual bear pigmented fur, others 
white fur, either P or Po or both must vary from region to region of the 
same skin. Since the same small skin area may have pigmented fur in some 
individuals and white fur in other individuals of the same genotype, either 
P or Po, or both, of that area must vary somewhat from animal to animal, 
P being the greater in some, Po in others. Since the spotting patterns are 
at least roughly similar among animals of the same genotype, the regional 
variation in P or Po must have the same general form throughout the 
group ; that is, both P and Po must tend to a modal value for each skin 



Figure 6. — Relation of pigmentation frequency (F, shaded area) at a skin point to average 
difference between a variable "concentration” P at that point and a minimal "concentration” P© 
for pigment formation (modified from Wright 1920). 


point among individuals of the same genotype. Let us assume that the 
frequencies of various values of the difference (P — Po) for a given small skin 
area would form a normal distribution of standard deviation cr; the average 
value of the difference may be represented by (P — Po). The pigmentation 
frequency F to be expected for any value of (P — Po), relative to cr, can be 
found from a table of areas under the normal curve. That is, F is the 
probability function of (P~-Po)/(r. Three examples are shown in figure 6. 

Conversely, the value of (P — Po)/cr corresponding to a particular F can 
be found from a table of the normal curve areas; that is, (P— Po)/cr is the 
inverse probability function of F. A few pairs of values are as follows: 

F(in%)= I 2 S 10 20 5° 80 90 95 98 99 

(P— Po)/<r=— 2.32 —2.06 —1.64 —1.28 —0.84 o +0.84 +1.28 +1.64+2.06 +2.32 

This inverse probability transformation might be applied to each of the 
values in figures 2-4. No additional information would be gained, though: 
the relative steepness of various parts of the surfaces would be changed, 
but the order of their height, and the regional reversal of height between 
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Skef and sKEF genotypes, would not be altered. Insofar, however, as 
(P-Po)/<r may be thought of as a quantity like a difference of two con- 
centrations, it is closer than a pigmentation frequency to the sort of vari- 
able on which gene substitution might be expected tojiave an equal 
additive effect throughout the skin. If this were so, the {P-Fo)/<r values 



FicmE 7. — Relation between transformed pigmentation frequencies of a heterozygous 
spotted type and the corresponding homozygote. 

for a series of points in the homozygote, plotted against the values for 
the same points in the corresponding heterozygote, ought to fall along a 
straight line of slope i. The transformed data of table i have been plotted 
in this way in figure 7 (the values for forelegs and anterior dorsum have 
been grouped together, as have the values for hind legs and posterior 
dorsum). 

Three general relations seem to be indicated by figure 7 : 

(i) Within either the anterior or posterior half of the body the (P — Po)/<r 
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values of ssKKEEff (35%) do fall along a straight line of slope i 
against the corresponding values in ssKkEeff (35% X 100%). That is, there 
is a constant increnaent from heterozygote to homozygote as though K 
and E had a simply additive effect; but 

(2) The constant increment within the anterior half of the body is much 
greater than the increment within the posterior half; the values are ap- 
proximately 1.6 and 0.6. (There is some indication of an even higher in- 
crement on the head proper than on the forelegs and anterior dorsum.) 

(3) The (P — Po)/o- values of SSkkeeff (20%) fall along approximately the 
same straight line against the Sskkeeff (20% X 100%) values for both 
halves of the body, but the line seems to have a slope greater than i. This 
is as though 5 had some sort of multiplicative effect. Here again a differ- 
ence in nature of primary action between S and KE is indicated. 

Correlations. From a comparative study of spotted mammals and birds 
Allen (1914) concluded that in both classes the skin consists dorsally of 
eleven contiguous or slightly overlapping cell groups within each of which, 
at some stage of development, a substance or process necessary for sub- 
sequent pigment formation spreads from the center towards the edges; 
that the extension occurs independently in the different areas and to its 
full extent in animals which become unspotted; that where the extending 
process stops short of the edge of its area, the peripheral territory becomes 
unpigmented; and that the spotting pattern of an individual is identical 
with the extent of spread of the determining process from the centers of 
the eye, ear, scapular, lumbar and rump areas of each half of the body. 

Iljin (1928) reached a different conclusion primarily from correlation 
studies on spotted guinea pigs: that spotting patterns are determined, not 
by restriction of a process which occurs in unspotted animals, but by ex- 
tension of an action found only in spotted individuals; that in the mouse 
this action spreads from each of twelve “points of depigmentation” on the 
dorsal surface; and that between some of these points there is a correlation 
in degree of extension, the magnitude of correlation depending on the 
distance between the points considered. 

Iljin’s “points of origin of depigmentation” coincide very closely with 
the margins of, or boundaries between, Allen’s pigmentation areas. Both 
are located, in the main, at the common low points of the present pigmen- 
tation frequency fields, that is on the toes and tail tip, nose tip, center of 
forehead and anterior lumbar region. 

Iljin assumed depigmentation centers at front and rear of the third- 
quarter of the dorsum; Allen, a pigmentation center in about the middle 
of this quadrant. Now let two points be considered, one near the front, 
one near the rear of the third quadrant. If both points bear unpigmented 
fur in a given mouse it is indicated, according to Iljin, that one has not 
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been reached by a process spreading from the anterior center, the other by 
a process from the posterior center. According to Allen, neither has been 
reached by one process diffusing from a single center. Now this quadrant 
of the dorsum corresponds to the series of points from $ through lo in 
table 3 among which most pairs of points show a reasonably large pig- 
mentation association. These associations would mean peripheral cor- 
relation within one spreading process according to Allen, correlation 
between two processes under Iljin’s scheme. The former is at least 
simpler, though not necessarffy more probable; it is equivalent to sup- 
posing that any one extending process tends to spread nearly equally in all 
directions; that the variation in extent is like the variation in aperture of 
an iris diaphragm rather than Uke an irregular, amoeboid variation in 
outline. 

But Allen’s scheme meets a certain amount of difficulty in the data of 
table 3. Point 9 has been shown never to be pigmented without pigmented 
fur extending from there to the posterior margin of the rump, which would 
mean that the last quarter of the dorsum lies in the rump field. But the 
pigmentation response of point 9 is positively associated also with that of 
points as far forward as the center of the dorsum (point 5), which would 
seem to mean that points 5 and 9 lie in Allen’s lumbar field. The same 
difficulty is met at point 2, which seems to lie in both scapular and lumbar 
fields. 

One possible solution is suggested by those skins which show “islands” 
or “peninsulas” of pigmented fur surrounded by colorless fur (figure i). 
Under Allen’s hypothesis these are cases where the spreading processes 
of three adjacent fields have failed to meet at their two borders. They 
may be found in three general positions centering approximately at points 
I, 5 and 9 of table 3; that is, at the anterior end of the second quadrant, 
between second and third quadrants, and at the posterior end of the third 
quadrant. The three types of island are not sharply demarcated, but they 
do have a modal tendency. The first and third correspond to restriction of 
Allen’s shoulder and lumbar fields, respectively. But the second is at the 
boundary between these two fields, and so might be supposed to define 
another pigmentation center (“mid-dorsal”) not indicated by Allen, 
covering part of the territory of his scapular and lumbar areas. Within 
this common region, it might be supposed that pigmentation is sometimes 
determined by the spreading process from one center, sometimes by that 
of the other center, or perhaps by both jointly. One further alteration in 
Allen’s scheme would be necessary from the present data. Since pigmen- 
tation on the foreleg does not occur without pigment on the ear, the former 
must belong to the ear field, rather than to the scapular as Allen sup- 
posed. Thus, if overlapping local fields are involved at some stage in the 
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embryogeny of spotting pattern, they perhaps number six on each side 
of the body: eye, ear, scapular, mid-dorsal, lumbar and rump. 

In the absence of any direct demonstration the pigmentation fields of 
Allen and Iljin, inferred from the regularities in location of pigmented 
and white fur areas, and the ^^concentration gradients,” inferred from the 
regional variation in pigmentation frequency, are both merely ways of re- 
stating the primary data of genetic and non-genetic variation in spotting 
patterns. Each suggests that the next step in the analysis of the develop- 
mental basis of spotting patterns is a search for conditions which vary 
systematically thoughout the embryonic skin (and also to a certain extent 
from individual to individual), for example, time of attaining some particu- 
lar stage of morphological differentiation, rate of growth, etc. Some such 
pattern seems almost certainly involved, determining that in some regions 
of the skin cells containing several mutant (perhaps inactive) genes can 
form pigment whereas in other regions of the skin the whole wild-type 
gene set must be present. Regarded in this way the formation of mam- 
malian spotting patterns is a relatively superficial and accessible analogue 
to the more fundamental ontogenetic processes by which genes and cyto- 
plasmic differentials, tracing back ultimately to the structure of the 
fertilized egg, together determine the location of morphological elements 
more important than hair pigment. At least from this aspect they deserve 
further study. 

THE PHYSIOLOGICAL DIPEERENCE BETWEEN COLORED AND WHITE AREAS 

The question has frequently arisen what component of the reaction 
system leading to presence of pigment varies in the skin oi a spotted 
mammal. Onslow (1915) and Bloch (1927) each reported the white- 
furred skin regions of spotted mammals to lack a melanogenic enzyme 
which is present in the colored-furred areas and throughout the skin of 
unspotted animals. Onslow identified the enzyme as tyrosinase (rabbits, 
mice); Bloch, as a more specific ^^dopa oxidase” (guinea pigs). The latter 
has since come to be rather generally accepted as the melanogenic enzyme 
of mammals. 

PxJGH (1933) reported that tyrosinase can only seldom be found even in 
extracts of all-black skin. In about 15 experiments she found no evidence 
of tyrosinase activity even when Onslow’s procedure was followed as 
closely as possible. But in a further set of five extractions, two did produce 
a grey coloration in tyrosine solution after 30-33 hours. She concluded that 
black rabbit skin does contain a true tyrosinase, 

Bloch (1917, 1927) reported that frozen sections of skin, immersed in 
a 0.1% solution of dioxyphenylalanine pH 7,3““74, in 6-12 hours show 
formation of additional pigment granules only in those places where 
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melanin had previously formed naturally — in the melanoblasts. Among a 
number of mono- and di-hydric phenols only dioxyphenylalanine gave the 
reaction. On this basis Bloch concluded that mammals, unlike great num- 
bers of invertebrate and plant species, do not contain a tyrosinase but have 
another pigment forming enzyme which is substrate specific to dioxy- 
phenylalanine. 

Bloch found the dopa-oxidase reaction of sections of white-spotted 
guinea pig skin to be negative in the follicles producing white hairs and 
positive in those forming pigmented hairs. But Przibram, Dembowsky 
and Brecher (1921) have suggested, from evidence that regions in active 
melanogenesis are more alkaline than the surrounding tissue, that the 
dopa reaction is identical with the spontaneous oxidation which dopa 
undergoes in vitro at alkalinities not much great than pH 7.5. 

Hence so far as can be told from the published material, there exists an 
anomalous situation with respect to the physiological differences between 
colorless and pigment-forming follicles of spotted mammals: an enzyme 
difference is reported by each of two experimental methods, but doubt 
is cast on the validity of each. If Pugh’s finding is correct that even with 
Onslow’s extraction method only about two out of seventeen samples 
from black skin show tyrosinase activity, then Onslow’s results may have 
been accidental; if (as is not clear from his report) he tested only one or 
two white skin extracts, the failure of tyrosinase activity in these cases 
may have been only an instance of the same random failure which Pugh 
observed even in black extracts. And Bloch’s report of a dopa-oxidase dif- 
ference between colored and unpigmented follicles in frozen sections may 
have been non-enzymic depending only upon the reported greater al- 
kalinity of the pigment-producing follicles. 

Accordingly it has seemed desirable to re-examine the existence of an 
enzyme difference between colored- and white-furred areas of piebald 
mouse skin. Because regular results could not be secured in preliminary 
tests with skin extracts and dopa, tyrosinase was used as a substrate in 
further study which was carried out as follows. 

Comparable tests were made of the tyrosinase activity of extracts of 
skin of black unspotted mice and of extreme spotted, ^^all white,” mice 
(Dunn and Charles 1937) only few of which have any pigmented hairs. 
Groups of S'-iz animals 2-4 days old were decapitated and bled as 
thoroughly as possible. The skins were removed with minimal connective 
tissue adhering and ground in a glass mortar with sand, chloroform, water 
or Ringer solution and pH 7.4 phosphate buffer (the amounts are shown in 
table 4). The resulting fairly homogeneous, gelatinous, grey or pale pink 
paste was centrifuged and filtered through a Buechner funnel. The opales- 
cent filtrate was divided among a number of test tubes to which were 



SPOTTING PATTERNS 


543 


Table 4 

Preparation of skin extracts for tyrosinase tests. 


extract 

NUMBER 

COLOR 

OE SKIN 

NUMBER 

OE SKINS 


EXTRACTION IN 


pH 8 BUFFER 

WATER 

RINGER 

CHCb 

I. 

black 

8 

1.5 cc. 

— 

3.5 CC. 

0.5 cc. 

IT. 

albino 

8 

1.5 cc. 


3 -S CC. 

0.5 cc. 

in. 

black 

II 

1.5 cc. 


3-5 cc. 

0.5 cc. 

IV. 

black 

10 

1.5 cc. 

— 

3-S cc. 

o.s cc. 

V. 

black 

12 

5.0 cc. 

— 

— 

s.o cc. 

VI. 

white* 

12 

5.0 cc. 

— 

— 

5.0 cc. 

VII. 

black 

9 

2.0 cc. 

3.0 CC. 

— 

few drops 

VIII. 

white* 

9 

2.0 cc. 

3.0 cc. 

— 

few drops 


* “All white” extreme spotted. 


added substrate as shown in table 5 and a few drops of chloroform. Tubes 
were kept either at room temperature or at 38^0. as indicated, and ob- 
served after intervals varying from 12-24 hours. The results are shown in 
table 5. 

In the first series tyrosinase activity, without peroxide and so meeting 
the criteria for a true tyrosinase, was found in the extracts of two out of 
three groups of black skins (I and III). The degree of melanization after 20 


Table 5 

Tyrosinase activity of skin extracts. 


EXTRACT 

NUMBER 

COLOR 

TEMP. 

CC.) 

TIME I cc. 
(IIRS.) H^o 

I cc. DOPA 
0.04% 

1 cc. TYRA- 
MINE 2.02% 

I cc. TYRO- 
SINE 0.04% 


H20 

— 

20 ± 

17 — 

+ + 

— 

— 


I. 

black 

20 ± 

17 ~~ 

+++* 


+++ 


11. 

albino 

20 i 

48 - 

+ + + 

— 

— 


III. 

black 

38 

19 

+ + + 


+++ 


III. black 38 

(diluted 1 : 5 with water) 

19 — 

+++ 


“ — 


IV. 

black 

20 d: 

21 — 

+ + + 

— 

— 


IV, 

black 

20 ± 

21 — 

+ + 
p-cresol 
catechol 
anilinef 

p-cresol 

catechol 

p-cresol 

aniline 

p-crcsol 

V, 

black 

20 + 

24 

++t 

+ 

+ 

— 

VI. 

white 

20 ± 

24 

— 

— 

— 


VII. 

black 

20 ± 

20 

++ 

+ 



VIII. 

white 

20 ± 

20 

— 

— 

— 

— 


* +++ indicates deep gray color through top half of solution when tyrosine is substrate, 
throughout when dopa is used. 

1 1 cc. 0.1% p-cresol; o.i cc. 0.1% catechol; 0.5 cc. i% aniline, 
t +4- indicates medium brown color; +, reddish tan. 



544 DONALD R. CHARLES 

hours was considerably less than that reported by Onslow who found a 
charcoal black ring at the top of his test solutions, but was comparable to 
that secured by Pugh. 

A third extract (IV) of black skin did not give any evidence of tyrosinase 
activity, either full strength or diluted. This same inactivity was found in 
extract III diluted 1:5 with water, although the undiluted extract was 
active. The fact that in this case at least dilution led to loss of tyrosinase 
activity suggests that in IV, where the method was apparently comparable 
some unknown difference in procedure led to lower concentration of 
enzyme in the extract as Pugh suggested in reference to the irregularity of 
her results. It is of interest in this connection that Pugh (1933) reported 
the same unexplained effect of dilution on the tyrosinase activity of 
mealworm extracts. 

The difficulty in using dopa, under simple conditions, as a substrate 
for testing the presence of melanogenic enz3Tnes in skin extracts is in- 
dicated in table 5 by its reaction in all cases, even without addition of 
other substances. 

In an attempt to minimize the number of reactions involved in the 
tyrosinase tests, p-cresol was tried as a substrate known to be oxidized by 
tyrosinase without undergoing the complex series of secondary reactions 
which occur when tyrosine is used. As a possible means to increase the 
sensitivity of these further tests catechol and/or aniline were also added, 
in view of Richter’s report (1934) that (i) the direct action of tyrosinase 
is upon o-dihydric and not monohydric phenols, forming o-quinones, and 
that monohydric phenols serve as substrates for tyrosinase only after re- 
acting with o-quinone to form dihydric phenols: and (2) that higher con- 
centrations of o-quinone inhibit the enzyme. Hence catechol was added as 
a priming agent (that is, to supply o-quinone) in concentration so low that 
its own oxidation would not add enough color to the solution to suggest 
tyrosinase activity. This concentration should still be high enough to 
furnish adequate substrate for the initial action of the enzyme, if present. 
The aniline was added to combine with any possible, though unlikely, 
excess of o-quinone which might be formed. 

Two black skin extracts tested under these conditions both showed the 
presence of t3nrosinase (V and VII), with and without aniline. When 
catechol was omitted, only one of the extracts showed activity presumably 
because of the lack of enough priming material like catechol in the skin 
extract. 

Two extracts from the skin of extreme spotted am'-mals (VI and VIII), 
each teted simultaneously with one of the black extracts, did not show 
evidence of tyrosinase activity under any test conditions. 

Since only one out of the total of five black extracts tested failed to react 
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positively for tyrosinase, the chance that two samples irom other skin of 
similar enzyme content should both fail for the same "unknown reason as 
the black is only about one in twenty-five (that is, tke product of the 
chances that one should fail). Hence it may be concluded that probably, 
as Onslow reported originally, the white-furred areas of piebald mouse 
skin either lack, or have a much lower concentration of, the melanogenic 
enz3nne present in the skin of colored animals. The data definitely confirm 
Pugh’s finding that the enzyme is a true tyrosinase in that is operates 
without added peroxide and that, contrary to Bloch’s conclusion, mam- 
mals (or at least mice) thus do not lack the potentially melanogenic 
enzyme present in invertebrates. That this tyrosinase lies at least partly 
in the melanoblasts of the hair follicles and is actually the melanogenic 
enzyme of those cells is not proved by the present results, although it 
seems likely from the probable deficiency of the enzyme in the regions of 
skin where the follicles are not producing melanin. It is also yet to be 
proved that the colored-furred areas of spotted mouse slir have the same 
concentration of tyrosinase as the skin of unspotted mice, although this 
seems likely from the identity of the pigmentation. And it remains un- 
certain whether the white-furred areas of spotted mice are completely 
lacking in tyrosinase. 


SUMMARY 

The patterns of white-spotted mice have long been known to be rather 
diverse, even within presumably almost isogenic strains. The variability 
is limited, however; some regions of the skin bear pigmented fur in every 
individual; other regions always bear white fur, and it is only the inter- 
vening areas that have a variable behavior which may be characterized by 
the proportion of cases in which the hairs are pigmented. 

1. Counts have been made of the proportion of animals bearing pig- 
mented fur on each of 508 very smaE skin areas, in the presence of each of 
six combinations of “spotting” genes. 

2. The proportions so obtained (“pigmentation frequencies”) vary 
systematically over the skin surface, in the presence of any one genotype, 
forming a gradient field which drops off from the ear and rump regions 
towards the feet, tail tip, and mid-lumbar region. 

3. The frequency fields of ssKKEEFF (4% of white fur), ssKKEEff 
(35%), ssKkEeFf (hybrid between 4% and 100% ■white strains) and 
ssKkEeJf (s 5 % X 100%) are found to have the same general form but con- 
sistently different heights, the frequencies diminishing in the order 
indicated. 

4. Similarly the frequency field of SSkkeeff (20%) is consistently higher 
than that of Sskkeeff (20% X 100%) ; but neither of these two falls into the 
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previous series; that is, both have a somewhat different form than the 
fields obtained in the presence of 55, lower in the anterior dorsum and 
head, higher on the posterior dorsum and legs. 

5. The difference in shape of pigmentation frequency field between 
genotypes containing KEF without 5 and those containing S without 
KEF is taken to indicate that KEF and S, though both acting ultimately 
on pigmentation frequency, have different sorts of primary effect. 

6. The increase in pigmentation frequency of a given point from hetero- 
zygote to homozygote (Sskkeeff to SSkkeeff; ssKkEeff to ssKKEEff) is 
found to vary complexly with the value in the heterozygote. 

7. But if the pigmentation frequencies are subjected to an inverse 
probability transformation (Wright 1920) the values in heterozygote and 
homozygote are found to have an approximately linear relation. The 
transformation does not bring about an approach to constant difference 
between Sskkeeff and SSkkeeff, although it does for ssKkEeff and 
ssKKEEff, which is taken to be a second indication of a difference in 
nature of primary effects between the (KEF) and S genes. 

8. Following Wright (1920) the frequency fields are considered in terms 
of some hypothetical material whose concentration P at a particular 
point of the skin must equal or exceed a minimal value Po for the ultimate 
formation of pigment. Most aspects of the observed regional and genotypic 
variation of pigmentation frequency can be accounted for if it is assumed 
that; 

(a) the P of a particular skin point varies somewhat from animal to 
animal of the same genotype; 

(b) the average value either of P, or of Po or of both, in the presence of 
a given gene combination, varies systematically from point to point over 
the skin surface; 

(c) K,E,F have a constant additive effect on either P or Po throughout 
the anterior and posterior halves of the body, the anterior increment being 
nearly three times as large as the posterior; 

(d) S has some sort of multiplicative effect on one of the two variables, 
P or Po. 

9. As reported by Onslow (1915) but somewhat doubted from the 
results of subsequent workers, tyrosinase can generally be detected in 
extracts of skin which is forming pigmented hairs; but it is either absent, 
or greatly di mini shed, in extracts of those skin regions of spotted mice 
which are forming unpigmented hairs. 
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F or investigating certain aspects of the general problem of gene action 
it would be a great help if it were possible to substitute a gene for one 
of its alleles at the 2-cell stage, at the 4-cell stage, and so on, successively, 
at known later stages during development. The mere statement of such a 
hopeless ideal makes it at once clear that by such a method we could obtain 
information on the time during development when a gene is effective in 
producing any of its known effects, on the duration of its action, and on 
the rate at which it acts at every stage of any process in the developmental 
nexus which it affects. 

Of the methods available at present for the study of gene action there 
are at least two which make an approach to this general method of gene 
substitution during development; namely, transplantation, in those cases 
where the implant and the host differ in some one or a few genes, as in the 
studies of Beadle and Epimussi (1937), and secondly, the use of mosaics, 
which are in effect spontaneous orthotopic transplants that avoid the dis- 
torting effects of an operation. 

Of these methods each has its distinct advantages and drawbacks. The 
method of transplantation is especially suitable for studying the transport 
of materials from the organism to a part and in detecting the contribution 
of the part to the rest of the organism, and so gives promise of the eventual 
isolation and chemical identification of the diffusible substances involved. 
While the time relations can be known by this method, the results have 
not as yet led to a knowledge of the time course of any reaction in quanti- 
tative terms. On the other hand the method of analysis by the use of 
mosaics does supply quantitative data in suitable material, but the time 
relations, at least for spontaneously produced mosaics, are still not pre- 
cisely known. An account of the results obtained by these two methods, 
with full reference to the literature is included by Goldschmidt (1938) in 
his recent comprehensive exposition of the facts and their implications, 
relating to the whole subject of physiological genetics. 

The present paper is concerned with white-eyed mosaics in the bar series 
of Drosophila. Previous reports on the mosaic condition of the eye of 
Drosophila melanogasier are those of Bridges (1925), Stdrtevant (1927) 
and Hersh (1934) in which the mosaic condition was produced by the use 
of Minute-n. Patterson (1929) who produced eye mosaics by x-raying 
larvae at different ages showed that the facet-producing reaction in the 
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wild t3T)e eye extended practically throughout the entire egg-larval period, 
a result which has been confirmed by Margolis and Robertson (1937) in 
their determination of the temperature effective period for the wild type 
eye. Haskins (1935), whose main interest was in the determination of the 
genic volume at the white locus, obtained mosaics by x-raying larvae at 
age 18 to 24 hours and concluded that at that age there are about 20 cells 
in the eye anlage. 

The data on white bar-eyed mosaics presented below were obtained by 
the use of Minute-n. Mosaics from matings of fBMn/fB 9 9 Xwd'd' 
were recovered at 20°, 25° and 3o°C, and in addition mosaics from 
fBMn/fB 9 9 XwBBd'd' matings were obtained at 25°C. In these ex- 
periments the flies were otherwise roughly isogenic, but not strictly so, 
since there was no prolonged period of suitable crossing and inbreeding 
of the stocks previous to doing the experiments. 

The fluctuations from the temperatures mentioned above were less than 
a degree in either direction. The usual variation of the incubators was 
about 0.7° either way, except that in the experiments involving ultrabar 
at 25°, the temperature rose to nearly 27° for a period of about 24 hours. 

The data on nearly 20,000 flies are summarized in table i, where it can 
be seen that the number of mosaics among the Mn females is about i per- 
cent or less; more precisely 0.97 at 20°, 1.15 at 25° and 0.42 at 30° in the 
mosaics among the fBMnfw females. Among the fBMn/wBB females 
raised at 25° there were found 18 mosaics in a total of 1728 flies, or 1.04 
percent. But this may be misleading, since in this series 525 Mn females 
were recovered before the first mosaic was found; 1310 Mn females were 
examined before the fifth mosaic was in hand. Four of the total 18 Mn 
mosaics in this series were found among the progeny of the same female 
which incidentally also produced two gynandromorphs (not included in 
table i). Taking these details into account, we might estimate that the 
percentage rate of occurrence of Mn mosaics in this series which it is fair 
to compare with the results of the other series is perhaps more nearly 
about 0.5 percent rather than the 1.04 percent given directly by the data. 
Furthermore, it was in this series that the temperature rose to 27° for 
about 24 hours. 

The non-Mn mosaics that appeared among the fB/w flies comprised 
0.18 percent of the non-Mn females at 20°, and 0.32 percent at 30°. Un- 
fortunately, no record was made of the non-Mn mosaics among the flies 
of similar genetic constitution raised at 25°, since at the time these flies 
were raised, the elimination of the Mn chromosome was accepted as the 
mechanism of mosaic formation instead of somatic crossing over which 
Stern (1936) has shown to be a much more likely explanation. Non-Mw 
mosaics among th.efB/wBB flies raised at 25° comprised only 0.08 percent 
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of the total; 2 out of 2626 (table i). Consequently, the presence of Mn 
increased the frequency of mosaics (somatic crossing over) from 4 to 10 
times over that found in the flies of similar constitution but which lacked 
the Mn factor. 

The data allow no very certain conclusion to be drawn in regard to the 
effect of temperature on somatic crossing over, although there seems to be 
a distinct tendency for the rate to be lower at 30° than at 20° or 25°. 
Plough (1921) found that 31.5° caused little or no change on gametic 
crossing over in any part of the X chromosome. Stern and Rentschler 
(1936) found in experiments involving Mn a lower rate of somatic crossing 
over at 30° than at 17° and 25°C. 

The data on facet number of the mosaic-eyed flies are given in table 2. 
Before discussing the quantitative aspects of the data it might be men- 


TABLE I 

Summary of the data. The first three columns of data pve the numbers of offspring from matings 
offBMn/fB 9 9 XwS'S'; thelastisfor the cross fBMn/fB 9 9 Xii>BB cf'd'. 



20° 

25° 

30° 

2S° 

Minutes 

21SS 

1286 

1423 

1710 

Non-Minutes 

283s 

1730 

1894 

2624 

Mn mosaics 

21 

15 

6 

18 

Non-ifw mosaics 

5 

— 

6 

2 

fB males 

2373 

1462 

861 

2301 


tioned that mosaic spots oi forked bristles and abnormally pigmented 
abdomens were noticed from time to time but no systematic study was 
made. In respect to 'the eyes no flies were found in which both eyes showed 
the mosaic condition. The right and left eyes were equally affected. In the 
mosaic eye the white patch was a larger or smaller segment that extended 
to the margin of the faceted area. There was not a single specimen in which 
the white area was entirely surrounded by red facets. Sturtevant (1927, 
figure 4), however, has found that such a condition does occur. The larger 
the patch of white facets, the greater seems to be the distortion in shape 
of the faceted area over what is typical for bar, variable as bar eye itself 
is. Although distorted, the larger mosaic eyes tend to approach the wild 
type in outline. In two notable specimens (table 2) in which the “mosaic” 
eye was entirely white but somewhat smaller than wild type, the eye was 
actually oval in outline. This raises a point in regard to the qualitative 
effect in the bar series, namely, the indentation on the anterior margin of 
the faceted area. The conclusion seems obvious that the developmental 
antecedents of this indentation are not produced in the early stages of 
development. 

With but two exceptions, found among the JBMn/wBB females, the 
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mosaic eye was always a single unified area. In one of these there was a 
group of s white facets on the ventral border, separated about i mm from 
the rest of the faceted area. The other exception was red-and-white banded. 
Beginning with the dorsal border of the eye and proceeding ventrally 
this specimen showed the following order of red and white facets: i white, 
8 red, 8 white, 14 red, 3 white and 2 additional red facets along the edge of 

Table 2 

Facet number for the mosaics listed in table i. The first three columns are for the mosaics from matings 
of fBMn/fB 9 9 Xwc^d^^the last is for those from the cross fBMn/fB 9 9 XwBB cT'cf . For each 
mosaic there is given first the total facet number in the mosaic eye j followed in parentheses by the number 
of white facets, which in turn is followed by the total facet number in the opposite eye. For example, 
203 (i) i8g indicates that in the mosaic eye were 203 facets i of which was white; in the opposite 
eye there were iSg red facets, hi the last two columns the data below the cross-bars 
are for non-Mn mosaics. 



20® 



25 ° 



30 ^ 


25 ° 


203 

(i) 

189 

13s 

(4) 

126 

93 

(14) 

87 

23 (ll) 

26 

238.5 

(7) 

199 -S 

137 

(9) 

II8 

133 

(41) 

78 

28 (l) 

28 

241 

(8) 

197 s 

138 

(8) 

104 

360 1 

(143) 

190 

28 (2) 

32 

247-5 

(19 -s) 

210 

138 

(12) 

III 

310 

(7) 

185 

28 (13) 

34 

249 

(39) 

312 

149 

(2) 

— 

537 * 

(537) 

103 

31 (2) 

32 

264 

(24-5) 

263.5 

149 

(3) 

140 

602 

(455) 

II7 

31 (23) 

3 t 

267 

(9) 

277 -s 

156 

(21) 

no 

- 


—— 

32 (3) 

33 

27 S -5 

: (18) , 

314.5 

164 

(4) 

152 

92 

(3) 

108 

34 (9) 

27 

300 

(6) 

296.5 

172 

(2) 

142 

III 

(4) 

78 

36 (9) 

36 

302 

(64-3) 

208.5 

i8i 

(6) 

146 

131 

(8) 

128 

36 (12) 

33 

314 

(loj-S) 

215 

197 

(ss) 

13 1 

132 

(29) 

XO5 

36 (31) 

35 

325 

(60) 

276 

206 

(24) 

170 

216 

(2) 

XO8 

37 (6) 

32 

335 

(11 -s) 

323 

267 

(60) 

179 

544 

(62) 

219 

37 (ii) 

30 

339 

(7) 

303 

286 

(84) 

135 




39 (8) 

— 

398.5 

: (146- s) 

312 

306 

(113) 

156 




40 (39) 

35 

403 

(109) 

270.5 







41 (13) 

36 

410.' 

! (106) 

295-5 







42 (i6) 

38 

448 

(20.5) 

419 







4 S (12) 

42 

483.; 

) (263.5) 

338 










Soo 

(soo) 

300 







36 (17) 

37 

619 

(393) 

197*5 







44 ( 8 ) 

34 


the band of 8 white facets, giving a total of 12 white and 24 red facets in 
the mosaic eye. The opposite eye of this specimen possessed 33 red facets. 

Sttjrtevant (1927) reported that in the mosaics found by him among 
BBMn/w females, the number of red facets in the mosaic eye is greater 
than that found in the normal eye of the same fly. This is the case also 
for the mosaics found by us among thefBMn/w females raised at 25°. The 
difference in number of red facets between the mosaic and the non-mosaic 
eye ranges from 5 to 67, with an average of 22 facets in favor of the mosaic 
eye. The same relationship was not found in the other three sets of mosaics 
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reported here (see table 2). For example, in the mosaics among the 
fBMnfw females raised at 20"" sometimes the mosaic eye had a larger 
number of red facets, and sometimes the non-mosaic eye had the larger 
number of red facets. The average difference, about 10 facets, is in favor of 
the non-mosaic eye. The other two series of mosaics depart still more 
widely in this respect. It seems clear that the greater number of red facets 
in the mosaic eye compared to the non-mosaic eye of the opposite side, 
commonly found in the BMn/w and BBMn/w mosaics at 25°, is merely 
a special case of some more general relationship. To give much importance 
to the larger number of red facets in the mosaic eye at 25° would be perhaps 
to regard standard conditions at 25° as a base of reference favored by 
nature for revealing the fundamental principles of genic action. What is 
obviously needed is a more comprehensive view based on a study of the 
quantitative relations exhibited by adequate data. But it is, nevertheless, 
clear that when the mosaic eye has a larger number of red facets than the 
opposite eye, then facets are formed in bar tissue that would not have had 
them otherwise (Sturtevant 1927). 

The facet counts of the individual mosaics (table 2) show, in spite of the 
variability, that with increasing size of the mosaic eye, the number of 
white facets increases, but it is also clear that the increase cannot be re- 
garded as due simply to the white facets. As pointed out above, sometimes 
the number of red facets in the mosaic eye is greater than in the opposite 
eye and sometimes not. 

In the attempt to find some simple uniformity in the data, it was dis- 
covered that when the number of white facets (y) is plotted logarithmically 
against the total number of facets (x) in the mosaic eye, the data for each 
series fall within a straight band which conforms to the simple power 
function 

y=bx^ 

known to biologists as the relative growth function or the equation of 
allometry, but it will perhaps do no harm to point out that power functions 
are among the most common relations found in nature. 

The slope of the band which gives the value of k is about 5 in each case, 
but the band is shifted toward the left as the order of magnitude of eye 
size for any set of mosaics decreases. In other words, the value of b in- 
creases in flies of genetic constitution for smaller eye size and for those 
raised at higher temperatures, which in the flies under discussion also re- 
duce the eye size. 

For figure 1 the data for the two sets of mosaics raised at 25® and the 
one raised at 20^ given in table 2 were seriated in suitable size classes on 
the basis of total facet number in the mosaic eye. This procedure gave the 
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points plotted on the graph, so that each point in the figure represents 
usually the average of from 3 to 6 mosaics. However, several of the points, 
especially those for large eye size, represent single specimens. The fitted 
lines of the figure were calculated by the method of averages, and are ex- 



lita! facet number 


Figure i. — The number of white facets (y) plotted logarithmically against total facet number 
(x) of the mosaic eyes; A, fBMntwBB mosaics at 25®; B,fBMn/w mosaics at 25®; Q^jBMn/w 
mosaics at 20®. 


tended upward to the point where y =x, about which we shall have more 
to say below. (The point, x, 45; y, 12, which departs most widely from 
line A was not included in the calculations.) That the data conform to the 
power function implies that the increase in total facet number in the 
mosaic eye over the opposite eye is not due alone to the white facets. For 
certain portions of the curves conformity to the power function requires 
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a larger number of red facets in the mosaic eye than in the opposite eye 
and sometimes a smaller number. If the increase were due alone to the 
white facets it is clear that the data would not conform to the power 
function. 

The calculated values of k are lower than the slopes determined graphi- 
cally from the bands given by the plotted points for the individual speci- 
mens. The k value for th.e fBMn/wBB mosaics (fig. i, A) is about 2.81. 
The value of k for iYitjBMn/w mosaics at 25° is 3.53 (fig. i, B) and 3.86 
at 20° (fig. I, C). The values of log b for curves A, B, C arc, respectively, 
-3.238, —6.744 and —8.044. These values can be considered only as ap- 
proximately accurate. 

Although the values of k differ it will be seen from figure i that the 
curves are roughly parallel to one another. This is due to the circumstance 
that the angles which the curves make with the x-axis are all in the neigh- 
borhood of 75°, a region where the tangent begins to show a relatively 
large change for a small increase in the angle. 

The smaller the order of eye size in any set of mosaics, the greater is the 
shift of the curve toward the left. That is, the larger the value of b then the 
greater the shift of the curve to the left. It is clear from the figure that the 
main difference between these three sets of Mn mosaics is a difference in 
the constant b of the power function, but the value of k for the jBMnj’wBB 
mosaics at 25° is lower than the k-values for ^&fBMn/w mosaics at 20° 
and 25° which are closely similar to each other. 

On the purely mathematical side k is the ratio of the percentage increase 
in y to the percentage increase in x. If we take the value of k as about 4, 
then in biological terms the number of white facets increases about 4 times 
over that of the total eye. Consequently we soon come to a value of the 
function when y=x, that is, at this point, the eye will be entirely white. 
It can readily be shown that this point of the curve is given by the relation 

logy = (logb/i-k). 

The value when y=x for th& fBMn/w mosaics (fig, i, B and C) is 464 
facets at 25° and 656 facets at 20°. These values arc of course approxi- 
mately average values. If we estimate the range of variability from the 
width of the bands obtained by plotting the mosaics individually, then the 
value of the function when y =x is from about 375 to 525 at 25° and from 
about 500 to 700 at 20°. In the set of fBMn/w mosaics at 25° none was 
found in which the eye was entirely white, but in the 20° series a remark- 
able specimen was found in which the “mosaic eye” was entirely white, 
having 500 facets; the opposite eye had 300 red facets. 

For further discussion of the data in biological terms, it is necessary to 
make an assumption in regard to the relation between flies at different 
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points of the curve. The most direct and perhaps simplest assumption in 
this respect is that the greater the number of white facets then the earlier 
the event (somatic crossing over) occurs which changes the genetic 
constitution of certain cells and their descendants in the optic disk. This 
assumption is plausible on general grounds and fortunately it also has 
direct experimental evidence from full eye to support it. Patterson (1929) 
found that the younger the larvae were when treated with x-rays the 
larger on the average was the white-faceted area. In his experiment the 
change was only in genes for eye color. 

In the Mn mosaics the change in genetic constitution for eye color de- 
notes also a change at the same time in genetic factors for eye size at the 
bar locus. If somatic crossing over occurs to the left of BMn in fBMn/w 
females then there is no change in the genetic constitution at the bar locus 
although some cells will have the constitution for white facets wfBMn/w 
in an optic disk which otherwise is fBMnjw in constitution, and so will 
produce red facets. For a change in the genetic constitution at the bar 
locus the somatic crossing over must be to the right of Mn (we may 
neglect double crossing over). Fortunately, for this aspect of the problem 
Stern and Rentschler (1936) worked with characters which enabled 
them to conclude that 118 out of 120 cases were derived from crossing over 
to the right of Mn. In the light of their evidence we may regard the mosaic 
condition of the eye to be, in practically all cases, a consequence of crossing 
over to the right of Mn. 

When crossing over occurs to the right of Mn in fBMn/w females, the 
resulting cells have the constitution fBMn/fBMn and w/w. The former 
cells presumably die from the lethal effect of homozygous Mn, leaving the 
cells for white facets and wild type eye size in an optic disk which is other- 
wise fBMn/w in constitution. The earlier this event occurs, the larger on 
the average will be the white spot in an eye which is itself larger than it 
otherwise would have been as shown by the non-mosaic eye of the opposite 
side. The value when y =x, 464 facets for the Mn mosaics at 25° and 656 
facets for those at 20°, gives the average size expected when the crossing 
over takes place at the latest possible time in development for producing 
an aU white eye in fBMn/w females. If the event happens earlier the eye 
will, of course, be all white and be still larger and more nearly approach 
the size of the wild type, about 750 facets at 25°, about 850 to 950 facets 
at 20°. The main conclusion from these considerations is that the action 
of the bar factor up to the latest time for the occurrence of an all white 
eye is such as to depress the size of the eye by about 285 facets at 25° and 
by about 200 to 300 facets at 20°. But, furthermore, it may be considered 
that this latest possible time for the production of an all white eye which 
is smaller than the wild type by nearly 300 facets may be regarded as the 
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a larger number of red facets in the mosaic eye than in the opposite eye 
and sometimes a smaller number. If the increase were due alone to the 
white facets it is clear that the data would not conform to the power 
function. 

The calculated values of k are lower than the slopes determined graphi- 
cally from the bands given by the plotted points for the individual speci- 
mens. The k value for th&fBMn/wBB mosaics (fig. i, A) is about 2.81. 
The value of k for XhtfBMn/w mosaics at 25° is 3.53 (fig. i, B) and 3.86 
at 20° (fig. I, C). The values of log b for curves A, B, C are, respectively, 
—3.238, —6.744 and —8.044. These values can be considered only as ap- 
proximately accurate. 

Although the values of k differ it will be seen from figure i that the 
curves are roughly parallel to one another. This is due to the circumstance 
that the angles which the curves make with the x-axis are all in the neigh- 
borhood of 75°, a region where the tangent begins to show a relatively 
large change for a small increase in the angle. 

The smaller the order of eye size in any set of mosaics, the greater is the 
shift of the curve toward the left. That is, the larger the value of b then the 
greater the shift of the curve to the left. It is clear from the figure that the 
main difference between these three sets of Mn mosaics is a difference in 
the constant b of the power function, but the value of k for the fBMn/wBB 
mosaics at 25° is lower than the k-values for thG fBMn/w mosaics at 20° 
and 25° which are closely similar to each other. 

On the purely mathematical side k is the ratio of the percentage increase 
in y to the percentage increase in x. If we take the value of k as about 4, 
then in biological terms the number of white facets increases about 4 times 
over that of the total eye. Consequently we soon come to a value of the 
function when y=x, that is, at this point, the eye will be entirely white. 
It can readily be shown that this point of the curve is given by the relation 

logy = (logb/i-k). 

The value when y=x for tkefBMn/w mosaics (fig. i, B and C) is 464 
facets at 25° and 656 facets at 20°. These values are of course approxi- 
mately average values. If we estimate the range of variability from the 
width of the bands obtained by plotting the mosaics individually, then the 
value of the fimction when y =x is from about 375 to 525 at 25° and from 
about 500 to 700 at 20°. In the set of fBMn/w mosaics at 25° none was 
found in which the eye was entirely white, but in the 20° series a remark- 
able specimen was found in which the “mosaic eye” was entirely white, 
having 500 facets; the opposite eye had 300 red facets. 

For further discussion of the data in biological terms, it is necessary to 
make an assumption in regard to the relation between flies at different 
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points of the curve. The most direct and perhaps simplest assumption in 
this respect is that the greater the number of white facets then the earlier 
the event (somatic crossing over) occurs which changes the genetic 
constitution of certain cells and their descendants in the optic disk. This 
assumption is plausible on general grounds and fortunately it also has 
direct experimental evidence from full eye to support it. Patterson (1929) 
found that the younger the larvae were when treated with x-rays the 
larger on the average was the white-faceted area. In his experiment the 
change was only in genes for eye color. 

In the Mn mosaics the change in genetic constitution for eye color de- 
notes also a change at the same time in genetic factors for eye size at the 
bar locus. If somatic crossing over occurs to the left of BMn in fBMn/w 
females then there is no change in the genetic constitution at the bar locus 
although some cells will have the constitution for white facets wfBMn/w 
in an optic disk which otherwise is fBMn/w in constitution, and so will 
produce red facets. For a change in the genetic constitution at the bar 
locus the somatic crossing over must be to the right of Mn (we may 
neglect double crossing over). Fortunately, for this aspect of the problem 
Stern and Rentschler (1936) worked with characters which enabled 
them to conclude that 118 out of 120 cases were derived from crossing over 
to the right of Mn, In the light of their evidence we may regard the mosaic 
condition of the eye to be, in practically all cases, a consequence of crossing 
over to the right of Mn, 

When crossing over occurs to the right of Mn in fBMn/w females, the 
resulting cells have the constitution f BMn/ f BMn and w/w. The former 
cells presumably die from the lethal effect of homozygous Mn^ leaving the 
cells for white facets and wild type eye size in an optic disk which is other- 
wise in constitution. The earlier this event occurs, the larger on 
the average will be the white spot in an eye which is itself larger than it 
otherwise would have been as shown by the non-mosaic eye of the opposite 
side. The value when y =x, 464 facets for the Mn mosaics at 25® and 656 
facets for those at 20°, gives the average size expected when the crossing 
over takes place at the latest possible time in development for producing 
an all white eye in fBMn/w females. If the event happens earlier the eye 
will, of course, be all white and be still larger and more nearly approach 
the size of the wild type, about 750 facets at 25®, about 850 to 950 facets 
at 20®. The main conclusion from these considerations is that the action 
of the bar factor up to the latest time for the occurrence of an all white 
eye is such as to depress the size of the eye by about 285 facets at 25® and 
by about 200 to 300 facets at 20®. But, furthermore, it may be considered 
that this latest possible time for the production of an all white eye which 
is smaller than the wild type by nearly 300 facets may be regarded as the 
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time of appearance of the first cell in the optic disk in heterozygous bar 
females, which in this case also contains Mn. This of course does not 
necessarily mean that in the wild type at the same corresponding time of 
development there are a sufficient number of cells already present in the 
optic Hkk to differentiate later into about 300 facets. It may be taken to 
mean only that the difference at this time between wild type and hetero- 
zygous bar, projected forward as it were and stated in terms of completed 
development, has a value of about 300 facets. 

What the actual processes are which bring about the difference remain 
of course to be discovered, but the most obvious suggestion would concern 
itself with localized differences in cell divisions in the optic disk, or in the 
cells whose descendants later form the optic disk. These may be differences 
in the time or date of the occurrence of mitotic cycles in this part of the 
body of the fly, as well as differences in their duration and in the rate at 
which they proceed. Such differences would necessarily need to be re- 
ferred back to prior differences in the cellular physiological processes be- 
tween the wild tjrpe and the members of the bar series. While the differ- 
ences in the cellular physiological processes at the beginning of develop- 
ment would constitute the first links in the chain or nexus of causes leading 
from the genes to their effects, they may well be the last in order of dis- 
covery. 

The third set oifEMnlw mosaics may be disposed of more briefly. At 
30° only 6 Mn mosaics and 6 non-Mn mosaics were found among the 
progeny of ih-t fBMn/fB 9 9 Xwcf cf crosses. Although the number is 
small yet the range in size both of the entire eye and of the mosaic spot is 
considerable (table 2). Assuming a conformity of the meager data to the 
power function, a graphic determination of the slope gives about 1.76 for 
the Mn mosaics and about 1.70 for the non-M’w mosaics, but the curve for 
the Mn mosaics is considerably to the left of that for the non-Mn mosaics, 
that is, the Mn mosaics give the larger value of the constant b. In this 
series a specimen with an all white eye containing 537 facets was found 
among the Mn mosaics; the opposite eye possessed 103 red facets. Ap- 
parently the usual distortion of developmental processes which takes place 
at supranormal temperatures comes to expression also in these mosaics, 
as shown by the low value of k. 

In these three sets of mosaics iromfBMnfw at 20°, 25° and 30° the white 
^ot will have the constitution w/w in an optic disk which is otherwise 
JBMn/w in constitution, if we accept somatic crossing over to the right of 
Mn as the mechanism of mosaic production. These three sets thus agree 
in having a change in constitution from heterozygous bar to homozygous 
wild type at the bar locus, in other words, a genetic change for a larger eye. 

The other set of mosaics which we still have to discuss is the complement 



MOSAICS IN DROSOPHILA 557 

of the others in the sense that in these flies there is a change to a genetic 
constitution for smaller eye than that with which development of the egg 
started. That is, after somatic crossing over to the right of Mn in 
fBMn/wBB females we have wBBjwBB cells in an optic disk otherwise 
fBMn/wBB in genetic constitution. Consequently in ih.^jBMnfwBB flies 
as the change in genetic constitution happens earlier and earlier we should 
expect to get relatively a larger and larger number of white facets but the 
whole eye would be expected to become smaller and smaller. The eye would 
be expected to change in size from that found in heterozgyous bar ultrabar 
toward that found typically in homozygous ultrabar. 

If there were no other condition acting to disturb in any way the simple 
operation of this process then a logarithmic plot of the number of white 
facets against total facet number in the mosaic eye should give a line of 
negative slope. However, when plotted the band of points for these mosaics 
has a positive slope (k is 5.2), while the value of k calculated from the 
grouped data, as mentioned above, is 2.81. Furthermore, the value is 61 
facets at the point where y = x. But if, in this case, we expect on the basis 
of the mathematical relations to find a ^^mosaic” eye, all white containing 
61 facets, we clearly draw an inference from the mathematical relations 
that falls beyond the limits allowed by biological fact. This follows, since 
flies of the constitution raised at 2%^ have a range in facet number 
from 36 to 47 with an average at 40.8+0.37 facets; in fBMn/wBB flies at 
25® the average is 36.0+0.43 facets. If in the flies with the constitution 
fBMn/wBB there is a change in the optic disk during development to 
wBB/wBB the eye clearly would be expected to become smaller as the 
number of white facets increases, but the data in fact show that on the 
average the eye becomes larger. How is the apparent contradiction to be 
resolved? The explanation seems to be quite simple. 

In the case of the JBMn/w mosaics the change in genetic constitution at 
the bar locus is one for a larger size of eye. If there were no variability in 
eye size, that is, if all flies of the given genetic constitution had the same 
size of eye, then the mosaic-eyed specimens among the fBMn/w females 
would be the only ones to differ in facet number. The mosaics would differ 
among themselves depending upon whether the somatic crossing over 
occurred earlier or later. But, of course, in actual fact the flies of any given 
genetic constitution show the usual variability. The variability in the 
mosaic specimens is superimposed upon the ordinary variability. As the 
change in genetic constitution happens earlier and earlier a larger and 
larger eye results which in time extends beyond the upper range of the 
ordinary curve of variability for flies with the constitution fBMn/w. 

But in flies with the constitution fBMn/wBB when the change in 
genetic factors occurs the result is a constitution for smaller eye size. As 
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the somatic crossing over happens earlier and earlier the eye would be 
expected to become smaller and smaller but have a relatively larger 
number of white facets. Consequently, if the mosaic-eyed flies among the 
fBMn/wBB flies were the only ones which differed in facet number, then 
the smaller-eyed mosaics would have the larger number of white facets, 
resulting in a negative value of k. But the process of mosaic formation is 
superimposed upon the processes which produce the ordinary variability, 
and in this case practically within the limits of the ordinary curve of vari- 
ability. The consequence is first to broaden the band within which the 
mosaics fall when plotted individually, and this in turn merely reduces the 
value of k below that found in th.tfBMn/w mosaics,— from nearly 4 to 
2.81. The width of the band can be readily determined from the extreme 
values given by the two mosaics 25(11) and 45(12). Furthermore, the 
specimen in this series with 40 facets, 39 of which are white, is an indica- 
tion that the change in constitution may happen early enough to give 
practically an all white eye yet still the eye may be on the upper limit of 
the range in total facet number. In this series the value y =x at 61 facets 
cannot be given biological meaning. 

A different opinion might be advanced that the positive value of k in 
this case, where a negative value is expected, is a consequence of a growth 
stimulating influence of an intercellular nature that arises from the contact 
of tissues of different genetic constitution (see Stxjrtevant 1927, also 
Goldschmidt 1938, p. 177). An examination of the. fBMn/wBB mosaics 
(table 2, column 4) shows that in the mosaic eye the range is from 25 to 
45 facets, while in the non-mosaic eye of the same flies the range is from 
26 to 42 facets. The failure of the range downward to be reduced and the 
range upward to be perhaps slightly increased favors the view of an inter- 
cellular influence. But in any case the effect is quite small. It seems that 
the irregular fluctuating variability itself is sufficient to bring about a 
positive value of k in iheJBMn/wBB mosaics. 

The bar type of eye may be regarded as a form of localized dwarfism. 
Such marked defective departures on the minus side of the wild type or 
normal are usually called arrests in development, of which there are many 
instances but which need no extended discussion here. But it is clear that 
not aU so-called developmental arrests are the end effects of the same es- 
sential type of defective process. We may distinguish two main types. 
There is first the t3rpe in which a normal anlage is produced with later a 
loss by atrophy or autolysis, as in the vestigial alleles (Goldschmidt 1935). 
In some cases the loss may be by an autotomy. The second main type of 
localized dwarfism would stand in contrast to the first type and be exem- 
plified by any case in which there is no actual loss but in which the ap- 
parent loss represents material that as an anlage or as a portion of an 
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anlage was developmentally never produced at all, such as defective endo- 
sperm in maize (Mangelsdorp 1926; see especially fig. 59). This second 
main type of localized dwarfism is an agenesis, and likewise comprises at 
least two distinct kinds. There is first the type in which the process in the 
mutant defect shows the same time course but stops abruptly at some point 
in the reaction which goes to asymptotic completion in the wild type or nor- 
mal. This is the type of true arrest. In the second kind of agenesis the defec- 
tive process goes to completion but has a lower entirely different asymptote 
than the normal, as in the case of defective endosperm mentioned above. 

The data on bar-eyed mosaics clearly do not favor the view that in bar 
an anlage for a full eye is produced and then partially destroyed by autol- 
ysis to give bar eye, but rather that in bar the materials are never pro- 
duced. The localized dwarfism of bar eye is not a loss by some form of 
atrophy or autolysis as in vestigial but only an apparent loss brought about 
by agenesis, as the following argument is intended to show. 

If in BMnjw females an anlage for full eye is produced it will necessarily, 
on the basis of the given genetic constitution, be also one for the produc- 
tion of red facets. Now if because of the presence of bar a part of the anlage 
is lost by autolysis the eye will be smaller. It will show the bar effect. In 
such females when somatic crossing over occurs, leaving a genetic con- 
stitution for full eye, less of the original anlage would be destroyed and so, 
on this view, the eye would be larger; and the earlier the change in genetic 
constitution, the larger still would be the resulting mosaic eye. But these 
mosaic eyes are not only larger in size, they also possess a larger white 
spot. So far as the white facets are concerned, we require a process of some 
sort which will give more and more white facets, and not merely a process 
which destroys less and less material for the production of red facets. A 
process which destroys less and less material for the production of red 
facets although leaving a larger total eye than that found in bar will not 
produce more and more white facets. Bluntly and briefly, more and more 
white facets cannot result from a process which merely destroys less and 
less material for red facets. If this general argument is justified then it is 
valid to draw the inference that in bar eye we are dealing with a localized 
dwarfism that is not an atrophy but an agenesis. There is an agenesis of the 
facets which are lacking in bar but which are present in the wild type. 
Furthermore, the analysis (see Hersh 1934b) of Driver’s data on ultra- 
bar shows that, at least for the reaction during the temperature effective 
period, the agenesis is very likely not a true arrest as defined above but a 
process with a different asymptote than that found in the wild type (but 
see Goldschmidt 1938, p. 76 andp. 216), 

What a part becomes, according to the well-known formula, is a function 
of its size and of its position in the whole at the time of the embryonic 
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determination of the part. The data on mosaics support the view that the 
bar factors act by altering the growth, presumably by reducing the 
number of cell dividisons in the optic disk. After the loss of the bar factor 
as the result of crossing over in a fBMn/w fly the cell with wild type 
constitution divides more rapidly because of the absence of bar, and after 
somatic crossing over in a fBMnfwBB fly the addition of a bar factor 
reduces somewhat further the number of cell divisions in the optic disk, 
but not enough to shift the curve of variability of the fBMn/wBB flies 
very far toward homozygous ultrabar. 

SUMMARY 

Data on white bar-eyed mosaics of Drosophila recovered at 20°, 25°, and 
30° in fBMn/w flies and in fBMn/wBB flies at 25°, conform as an ap- 
proximation to the power function, y=bx’'. (y is the number of white 
facets, X, the total facet number in the mosaic eye, b and k are constants.) 
The values of k for the 4 sets of mosaics in the order mentioned are 3.86, 
3.53, 1.76 and 2.81. As the order of eye size in any set increases the value 
of the constant b decreases. The presence of Minute-n increases from 4 to 
10 times the rate of mosaic formation over that found in the corresponding 
noxL-Mn flies of the same experiments. The data favor the view that bar 
eye considered as a localized dwarfism is the result of a process of agenesis 
and not one of atrophy or autolysis as in the vestigial alleles. Although the 
time relations are unknown the inference can be drawn from the mathe- 
matical relations that xo. fBMn/w mosaics there is a time during develop- 
ment which is the latest time for the change at the bar locus to wild type 
to result in an all-white eye. Up to this time the action of the bar factor is 
to depress the eye size by nearly 300 facets. 
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INTRODUCTION 

G enetic literature includes much discussion of lethal factors. Texts 
treat the subjects of sex-linked and autosomal lethals, lethals 
linked with visibles, balanced lethals and semilethals. There are many 
studies of induction of lethals by X-radiation and other physical agents 
including correlation of number of lethals with dosage given. Almost with- 
out exception the lethals referred to are recessive, transmissible from one 
generation to another through the heterozygote. 

Dominant lethals, not transmissible since zygotes receiving them die, 
and evident only in their mass effect, have been discussed but little. In 
organisms with the ordinary t)^e of reproduction dominant lethals would 
be difficult to distinguish from direct inactivation of germ cells although 
Muller (1927) attributed the partial sterility of X-rayed males in 
Drosophila to dominant lethals, pointing out that although they could not 
be detected individually “their number was so great that through egg 
counts and effects on sex ratio evidence could be obtained of them en 
masse. It was found that their numbers are of the same order of magnitude 
as those of recessive lethals.” 

In the parasitic wasp Habrobracon, in contrast to such organisms as 
Drosophila, the occurrence of dominant lethals in the sperm can be readily 
distinguished from direct killing of the male gametes, as explained below. 
For this reason the experiments reviewed and reported in the present 
paper were undertaken and the results indicate that the induction of 
dominant lethals by radiations can scarcely be doubted. 

For an understanding of the exceptional method of reproduction and 
heredity in this insect the following facts should be borne in mind. 

Females are diploid and develop from fertilized eggs. Normal fertile 
males are haplorf and develop parthenogenetically from unfertilized eggs. 

* The work reported in this i>aper has been greatly aided by grants from the Committee on 
Effects of Radiation on Living Organisms (National Research Council). Most of the recent ex- 
periments have been earned out at the University of Pennsylvania, with the breeding work done 
at the Zoological Laboratory, the cold rooms for storage supplied by the Department of Anatomy 
at the Medical School and the X-ray treatments given by Dr. Raymond ZSrkle at the Depart- 
ment of Radiol(%y erf the University Hospital. During the summers the breeding work has been 
done at the Marme Biologicid Laboratory, Woods Hole, Mass., and the X-ray treatments have 
bem given them. 

Os3i^:iTzcs 33* 56:2 Nov. 1938 
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Biparental sterile (or near-sterile) males are diploid, developing, like 
females, from fertilized eggs. The haploid males have been called uni- 
parental and azygous in contrast to the biparental zygous males and 
females. 

Unmated females produce azygous sons only. Mated females also pro- 
duce azygous sons from unfertilized eggs but in smaller numbers than un- 
mated females and zygous biparental offspring from fertilized eggs. 
Whether the biparental offspring shall be daughters only or both sons and 
daughters depends upon the relationship of the male used in the mating. 
If the male is from a stock unrelated to the female, all the biparental off- 
spring are daughters but if the male comes from a related stock, biparental 
sons as well as daughters are produced. 

In general the azygous and biparental offspring from a mated female 
occur in the same ratio from the different vials through which the female 
is transferred (a, b, c, d, etc.) until her supply of sperm is exhausted. Sub- 
sequently (vials, e, f, etc.) azygous sons only appear. 

Biparental males cannot conveniently be separated from their azygous 
brothers unless the mother has a recessive trait and the father has the 
allelic dominant. Orange-eyed females crossed with wild type (black- 
eyed) males produce black-eyed daughters and orange-eyed azygous sons. 
If biparental sons are produced they may be readily separated from their 
azygous brothers by their black eyes. 

All daughters from outcrosses appear to be similar in viability to inbred 
females, although the latter are in general somewhat less fecund. 

Fertilized eggs may be “female-producing” or “male-producting,” the 
latter occurring only if parents are related. “Male-producing” fertilized 
eggs are less likely so hatch than “female-producing.” Consequently there 
are more “bad eggs” and fewer biparental offspring if the mating has been 
with a related male, since the percentage of eggs fertilized is the same 
whether the male is related or unrelated. Biparental male larvae are also 
less likely to mature than female larvae. This further reduces offspring 
from related parents. 

Two types of male sterility may be distinguished according as the eggs 
are fertilized or not. If the eggs are not fertilized, the mated female breeds 
like an unmated female, producing a large number of azygous sons. This 
occurs in the case of matings with biparental males which produce diploid 
sperm rarely capable of fertilizing the eggs. There are also males with 
abortive sperm ducts or testes which may readily be mated but transmit 
no sperm. Recent evidence indicates that sperm may to some extent be 
inactivated by high dosages of X-rays, so that they are unable to penetrate 
the eggs. 

The most striking result of X-radiation of males is, however, the pro- 
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duction of sterility (or partial sterility) of a second t3^e. In this case the 
sperm are not inactivated but are fully capable of fertilizing the eggs. Such 
fertilized eggs however, do not hatch because the sperm have a dominant 
lethal effect. Females mated to males with this type of sterility produce 
azygous sons only and in numbers equal to those produced by females 
mated to normal males; in other words, although they produce no females, 
due to dominant lethal effects of the sperm which have entered the eggs, 
they behave like mated rather than unmated females in respect to number 
of azygous sons. Habrobracon, then, is especially well suited for separating 
dominant lethal male sterility from sterility due to inactivated sperm on 
the basis simply of numbers of azygous sons produced by females mated to 
the males to be tested. 

As to the nature of dominant lethals it is probable that they are due to 
extensive chromosomal alterations rather than to changes in restricted 
regions or in single genes. A lethal effect from a single gamete may be 
called dominant in contrast to a condition which must be present in both 
gametes and hence recessive. 

Since in Habrobracon an unfertilized egg provided with a single set of 
genes develops normally (into a male) and since the addition of a second 
complete set by fertilization likewise results in normal development (into 
a female), it might be thought that the addition of a deficient set should 
not be lethal to the resulting zygote. In other words, if both in and zn 
may develop normally, why should not in+(n— x) also develop normally? 
The explanation is doubtless to be found in genic balance. If n— x is too 
small to act as a recessive, containing relatively extensive deletions for 
example, the balance should be so disturbed that development would be 
prevented. Theoretically the genic set in a sperm might become so ex- 
tremely deleted by X-radiation that the fertilized egg would develop as an 
unfertilized egg into a male. No sex intergrades have ever been found in the 
treated material that might be interpreted as hyperploid males or hypo- 
ploid females. The sex types surviving after X-radiation have been fully as 
normal as in untreated stock. 

Recessive lethal (or semilethal) factors may be a cause of “bad eggs.” 
Half of the unfertilized eggs of a female heterozygous for a recessive lethal 
do not hatch. 

Eggs may likewise be defective in their gross morphological or non- 
nuclear aspects because of unfavorable cultural conditions (very low 
humidity) or inadequate nutriment of females (feeding with honey instead 
of caterpillar juice) while females of certain genetic types lay withered 
eggs of irregular form. 

Non-hatchability may then be due to non-nuclear causes, recessive 
lethals, dominant lethals or “male-producing” fertilization. 
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Table i is based on part on data published by C. H. Bostian (1935) 
who counted eggs and offspring from females of an inbred orange-eyed 
stock which were bred unmated, or after mating to related or to unrelated 
males. Eggs averaged 21 per day regardless of the type of mating. Some 
of the unhatchable bad eggs from unmated mothers may be so because of 
recessive lethals in the stock and hence there is a somewhat greater 
viability of offspring (of which three-fourths are females) when mothers 
are mated to unrelated males. Matings with related males result in many 
unhatchable eggs. If the difference between bad eggs from matings of 
related and unrelated parents be added to the biparental sons from the 

Table i 

Offspring per day of inhred orange-eyed females (stock ii-o) bred iinmated or mated with wild type 
males. The average daily egg production per female is 21. 


OFFSPRING PER DAY 


TYPE OF MATING AZYGOUS. BIPARENTAL. BAD 

ORANGE EGGS 

mai.es wild type wild type 

FEMALES MALES 


Female unmated (or mated to male unable to 
transmit sperm) 

Outcrossing; male of an unrelated stock 
Inbreeding; male of a closely related stock 
Dominant lethals in all sperm 


14 5 — — 6.S 

4 12 — S 

5 S-S 1-7 8.8 

S — — 16 


former, it appears that female-producing and male-producing combina- 
tions occur in equal numbers (5.5 of each type per day). The table also 
gives the expectation in case of a mating with a male having dominant 
lethals in all sperm. Here all fertilized eggs are unhatchable and offspring 
are limited to five azygous sons per day. 

RECESSIVE LETHALS 

In a discussion of azygotic segregations from heterozygous mothers 
(Whiting and Benkert 1934) deviations from equality of mutant types 
and wild t5pe were explained by linkage with recessive lethals, especially 
when the types were otherwise of normal viability. These deviations may 
be very great or relatively slight indicating that the lethal may be either 
closely or loosely linked with the mutant locus. Not infrequently also the 
pedigree shows that a certain female is heterozygous for a lethal since about 
one-half of her daughters are lethal bearing. 

Whiting (1929), in a general account of X-radiation results with 
Habrobracon, presented evidence that certain daughters of treated parents 
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were carrying recessive lethals. Very few offspring (males) were produced 
if such lethal-bearing females were unmated, but if mated they were able 
to produce many daughters. When the number of their sons was extremely 
reduced, it was suggested that the lethals were either very numerous or 
were balanced. 

Maxwelt (193s) found no reduction in fecundity of Fi females and 
no deviations from the ratio of Fa males when the wild type Pi 

females were treated with X-ray dosages of 2,500 r and subsequently mated 
to untreated cantaloup gynoid males. In a second experiment treatment 
of the cantaloup gynoid males with the same dosage before mating with 
untreated wild-type females was however very effective, reducing the 
average number of sons per day per Fi mother from 7.06 to 4.59. Males 
subjected to higher dosages showed still greater reduction in these aver- 
ages. The 21 control Fi females each averaged six or more sons per day, 
with but two exceptions, while, among the daughters of treated fathers, 31 
averaged six or more while 64 averaged three or less. This bimodality 
indicates that about two-thirds of the daughters of treated males carried 
at least one lethal. Among the 105 F* fraternities from treated males there 
were significant deviations from equality for cantaloup in four and for 
gynoid in four. Maxwell’s data suggest that recessive lethals are more 
readily induced in the sperm than in the eggs. 

DOMINANT LETHALS INDUCED BY TREATMENT OF MALES 

Muller (1927) attributed the partial sterility of X-rayed males in 
Drosophila to dominant lethals. Whiting (1929) showed that in Habro- 
bracon males were active and apparently uninjured after a dosage that 
was seven times as great as was required to induce complete sterility. 
With treatments below this sterilizing dosage, there was a decrease in 
percentage of daughters among the progeny with increasing dosages when 
the males were mated immediately after treatment, but there was a 
partial recovery of fertility as indicated by increasing percentage of fe- 
males from subsequent matings on successive days. 

Stancati (1932) demonstrated dominant lethals in sperm of wild type 
males after treatment (2,500 r). The males were mated to females of a 
related stock with orange eyes, so that biparental sons were produced and 
could be detected. Stancati reported numbers of offspring per vial and 
percentages of biparentals, including the biparental sons with the 
daughters. Not all matings were observed but the controls included 
“practically no unisexual fraternities.” Among the treated, however, there 
were many unisexual fraternities, indicating sterilization of the males. 
From his figures it may be calculated that there were among the controls, 
3.39 algous sons per visd. This was increased to 4.66 among the treated 
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bisexual and to 4.94 among the treated unisexual fraternities. This increase 
might suggest inactivation of sperm, but this seems unlikely in view of 
later results and the low dosage. Some fraternities from unmated females 
may have been included among the unisexual treated. The biparental off- 
spring, sons and daughters, are 6.25 per vial from the controls and 1.50 
from the treated bisexual. This decrease is not compensated by the increase 
in azygous sons and hence the partial sterility of the fathers was in part at 
least due to dominant lethals. 

Whiting (1936) showed that dominant lethals were induced in the 
sperm by neutrons. Treated males were mated to untreated unrelated 
females. While daughters decreased steadily with increasing dosages, 
there was no compensating increase in number of sons. Thus the sperm 
were not inactivated by the neutrons but were able to penetrate the eggs 
and prevent their development. 

Whiting (1937 a and b) likewise showed a progressive increase in 
partial sterility due to dominant lethals when X-rayed males were mated 
to unrelated females. Table 2 (reprinted from Whiting 1937a) gives the 
data. Irregular fluctuation of sons per day may be noted. A slight increase 
in the 75,000 r group suggests possible sperm inactivation, but if this is 
significant it requires a far higher dosage than is necessary for complete 
sterilization by induction of at least one dominant lethal in every sperm. 

Table 2 


Of spring produced in a given number of days by untreated orange-eyed females {stock 1 1-0) mated to 
wild type unrelated males, controls and X-rayed with various dosages. 

{Fro?n “The Collecting Net” Woods Hole, Augu^sty, 1937.) 


TREATMENT 

OP MALES 

TOTAL 

EGG-LAYING • 

DAYS 

OPFSPRING 

4-9 9 

0 cTc?' 

PER DAY 

+ 99 

PER DAY 

SURVIVAL 

RATE 

Controls 

379 

439 

1310 

I. 21 

3*30 

1. 00 

2,500 r 

253 

337 

562 

1-33 

2.22 

.67 

5,000 r 

309 

419 

191 

1.36 

.62 

.19 

7,500 r 

361 

627 

57 

1.74 

.16 

•OS 

10,000 r 

72 

62 

5 

.86 

.07 

.02 

20,000 r 

99 

95 

0 

.96 

0 


40,000 r 

117 

157 

0 

1-34 

0 


75 » 000 r 

515 

890 

0 

1-73 

0 


XJnmated 9 9 

675 

3191 

0 

4.73 

0 



Bishop (1937) showed by counting eggs and recording progeny that 
X-rayed males had fewer daughters than untreated and that there was a 
corresponding increase in bad eggs. Matings were between both unrelated 
and related parents. In the latter case biparental sons occurred but were 
not numerous enough to indicate decrease due to treatment. 
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Whiting (1938) showed that there was progressive decrease in bi- 
parentals, both sons and daughters, with increasing X-ray dosages when 
the treated males (wild type) were crossed with related females (orange- 
eyed). There was no compensating increase in number of azygous sons but 
this remained low as among the offspring of the mated controls. 

For the four groups: controls, 2,500 r treatment, 5,000 r and 7,500 r, the 
daughters per day were respectively 1.83, 0.97, 0.31 and 0.06 and the bi- 
parental sons per day were 1.20, 0.59, 0.17 and 0.05. Fraternities from 
crosses of these stocks give a very high ratio of biparental sons, but 
nevertheless they fail to equal the daughters. It is of interest to note that 
decrease in daughters and in biparental sons is at the same rate, a fact that 
is taken to indicate that the radiation is no more lethal to one than to the 
other sex among the biparentals and that the type of fertilization (male- 
producing vs. female-producing) is not modified. 

Maxwell (1938) mated the same males on successive days to un- 
related females. Dosages of 41,000 r and 142,000 -t-r were administered to 
the two groups of treated males so that no daughters were produced by the 
treated. Sons per day averaged 1.05 for the controls, 1.41 for the lower 
treatment and 2.01 for the higher. Maxwell concludes that “Inactivation 
of sperm following higher dosages rather than partial exhaustion of sperm 
supply due to partial inhibition of spermatogenesis is indicated by the 
fact that there is no increase in males per day from the later matings.” 

DOMINANT LETHALS INDUCED BY TREATMENT OF FEMALES 

Treatment of females by X-radiation was made by Whiting (1929). 
Mature eggs were shown to be less susceptible, while earlier stages were 
readily affected. Thus females fed on caterpillars and in actively laying 
condition had a postponed sterility since they produced offspring im- 
mediately after treatment (in vials a), but proved sterile thereafter. 
Honey-fed females, having no mature eggs, produced no offspring after 
equivalent dosages. In certain cases the postponed sterility was temporary 
for a few offspring might be produced in later life. Inviablc pupae and 
larvae were sometimes observed after recovery, but data are not sufficient 
to prove that such were more numerous than usual. 

In an experiment with low intensity but prolonged treatment of mated 
females (Whiting 1929), the percentage of daughters was decreased with 
increasing dosages, being 24.0—, 16.9— and 11.7— in the bisexual fra- 
ternities. No untreated controls were run. Neita C. Bostian (1931) 
X-rayed (3,200 to 6,400 r) inbred females mated to males of the same 
stock (no. i). Offspring per female and percentage of daughters (vials a 
only) decreased with increasing dosages. When unmated females were 
treated (3,267 r) and subsequently mated to untreated males, offspring 
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per female and percentage of daughters were both higher than among the 
mated females treated with the lowest dosage. Whiting (1935), reporting 
experiments of Jane Maxwell, Anna R. Whiting and Kathryn G. 
Speicher, showed that among the offspring of mated females X-rayed with 
dosages ranging from 3,500 to 7,000 r, the percentage of daughters de- 
creased (38% to 7%) with increasing dosages. Greb (1933) showed that 
among bisexual fraternities from X-rayed mated females the average 
number of sons per mother was not significantly affected by a light dosage 
(2,000 r), although the daughters were much decreased. These experiments 

Table 3. Experiment 11/3/37/TST 

Offspring produced in a given number of days by orange-eyed females {stock ri-o), {controls and 
X-rayed with various dosages), which were bred unmated or were mated to unrelated untreated 
wild type 7 nales (stock 32) either before or after treatmetit. 


TREAT- 

MOTHERS 

DAYS 

FER- 

TOTAL , , 

^ 0 d'd' 

+ 00 cfcf PM 

SUR- 
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9 9 PER 
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VIVAL % 9 9 

MENT 

TILE 
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DAY 
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DAY 
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Unmated Controls 

143 

143 

488 

3-41 + 

1 .00 

1 , 500 r 

81 

81 

225 

2.78— 

.81 + 

3,000 r 

no 

no 

200 

1.82 — 

• 53 + 

6,000 r 

20 

67 

28 

.42- 

.I 2 -f 

1 2 , 000 r 

20 

103 

22 

.21 + 

.06+ 


Mated 

Controls 

289 

289 

252 

766 

.87-^ 

1 .00 

2.65+ 

1 .00 

7S-2S- 

Mated 

I , 500 r 

102 

102 
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245 

I.24~ 

1 .42 — 

2.40+ 

.91- 

66.04 — 

before 

3,000 r 

96 

96 

54 

50 

.56+ 

•6s- 

.52+ 

.20— 

48.08 — 

treatment 

6 , 000 r 

12 

8s 

13 

5 

•15+ 

.i8~ 

.06+ 

,02+ 

27.78- 


I 2 , 000 r 

20 
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4 


.04 

■OS- 




Mated 

1 , 500 r 

86 

86 

49 

112 

•57- 

.65+ 

1.30+ 

.49+ 

69.S6-I- 

after 

3,000 r 

139 

139 

70 

250 

• 50+ 

•sB- 

i.8o~ 

.68- 

78.13- 

treatment 

6 , 000 r 

16 

70 

3 

IS 

.04+ 

.05- 

*21+ 

,08+ 

83 -,33+ 


1 2 , 000 r 

20 

106 

3 

20 

.03- 

.03+ 

.19- 

.07 + 

86 . q6 


suggest that dominant lethals are more readily induced in the sperm than 
recessive lethals in the eggs. 

Two experiments have recently been completed in which females were 
X-rayed. I am indebted to Dr. Raymond Zirkle and to the Department of 
Radiology, University of Pennsylvania Hospital, for cooperation in giving 
the X-ray treatments. 

Females of an orange-eyed stock (ii-o) were fed on caterpillars so that 
they were in active egg-laying condition. They were bred unmated or were 
mated to aaygous males (collected from unmated mothers to avoid any 
chance of using biparental sterile males) of an unrelated wild type stock 
(no. 32). Thus, no biparental sons should be produced and percentage of 
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daughters should be relatively high. Females were subjected to X-radiation 
and matings were made either immediately before or immediately after 
treatment. Except for the controls, eggs were therefore treated in all cases, 
but sperm were X-rayed only when matings preceded treatments. Data 
are summarized separately (tables 3 and 4) since cultural conditions were 
much better in the second experiment resulting in larger numbers. 

Tabiz 4. Experiment 2/38/GS 

Offspring froiucei in a given number of days by orange-eyed females {stock ii-o), {controls and 
JC-rayed with various dosages), which were bred unmated or were mated to unrelated untreated 
wild type males {stock 32) either before or after treatment. 
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86 

86 
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3,000 r 

36 

36 
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4,000 r 

151 
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1.26+ 

.26- 





5,000 r 

88 

88 
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.25+ 
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52 

118 
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.43+ 
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12,000 r 

20 
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.04+ 





18,000 r 

16 

57 
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Controls 
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1.40— 
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Mated 
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■77+ 
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55 

70 
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10 
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• 37 + 
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25.00 
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Mated 

1,500 r 

127 
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1 19 
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.41- 
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■51+ 
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.72 
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1 . 77 + 

• 39 “ 
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80 

97 

22 

91 
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.16+ 

• 94 “ 

.21 — 
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12,000 r 

28 
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18 

19 

.09- 
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.02 — 
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20 
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8 

5 
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If- there is no inactivation of sperm resulting from the treatment, the 
survival rate of sons per day (sons per day for the various treated groups 
divided by sons per day for the controls) (column 8, tables 3 and 4) should 
be the same for equal dosages in both experiments and whether mothers 
are unmated or mated before or after treatment. For the unmated series 
in both experiments where numbers of azygous sons are relatively high 
the rates are roughly parallel, but there is -wide fluctuation in the four 
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mated series. In this connection it should be recalled that estimates of 
errors based merely on the numbers of offspring may be too small. A 
recessive lethal or semilethal occurring in a very few mothers may have 
considerable influence on averages of azygous sons. This is but one of the 
factors that may cause wider fluctuations than might be expected from the 
numbers appearing in the tables. Nevertheless it may be noted that in 
both experiments the groups in which sperm were treated have in general 
a higher rate of production of azygous sons. That this indicates sperm inac- 
tivation is doubtful in view of Maxwell’s (1938) findings, but further 
tests would be of interest. 

The decrease in azygous sons (as also in daughters) with increasing 
dosages is very marked at 6,000 r. At about this point complete sterility 
usually appears after vials a. The drop in average offspring per day is then 
due to the fact that the mother may live for many days subsequently 
without producing offspring. This postponed sterility may cause much 
fluctuation in averages if the length of life subsequent to the brief fertile 
period be greatly extended even in a single female. The “days fertile” (from 
time set until no more offspring were produced) are therefore lower (tables 
3 and 4, column 3) for the females treated with higher dosages. In several 
of the 6,000 r groups (especially in experiment 2/38/GS, table 4) there 
were offspring in vials a but none in & followed by a few and sometimes 
several in c or d. This postponed temporary sterility suggests greater sus- 
ceptibility of young oocytes than of oogonia. Mature eggs seem to be but 
little affected and even after 18,000 r a few offspring may be produced. 

Decrease in daughters per day is much more striking if matings are 
made before the treatment so that sperm are irradiated. Practically all 
daughters are eliminated by 12,000 r treatment of the sperm in the mated 
females. This is in agreement with the results from a closely similar treat- 
ment of the males (10,000 r) (Whiting 1937, see table 2 in this paper). 

A few daughters are produced after 18,000 r treatment of eggs fertilized 
by untreated sperm. 

The percentage of daughters drops rapidly when eggs and sperm are 
both treated, but if eggs alone are treated it is doubtful if there is any 
significant effect. The total number of offspring is very much reduced with 
higher dosages so that the apparent drop in percentage of daughters after 
treatment with 12,000 r and 18,000 r before mating (table 3) may be only 
a fluctuation. It was expected that a slight increase in percentage of daugh- 
ters might appear on account of recessive lethals induced in the eggs. Were 
it possible to cause recessive lethals in all eggs escaping dominant lethal 
effects, the percentage of daughters might be increased up to one hundred. 
Further work may indicate whether this can be done, or whether eggs 
may be rendered unfertilizable but still able to develop normaUy into 
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males. Dominant lethals induced in the eggs should have no effect on the 
sex ratio. 

SUMMARY 

1. Dominant lethals may be induced in the sperm of Habrobracon by 
X-radiation of the males. At 10,000 to 20,000 r units all sperm have at 
least one lethal. With very high dosages, 41,000 to 142,000 r, some sperm 
are directly inactivated while many still remain active and able to carry 
dominant lethals into the eggs. Reduction of biparental sons and of daugh- 
ters takes place at the same rate. 

2. Recessive lethal-bearing daughters of treated males were twice as 
numerous as non-lethal bearing. Linkage with segregating visible mutants 
is sometimes indicated. 

3. Treatment of females causes reduction in offspring per day, due 
either to the induction of dominant lethals or to direct killing of eggs. No 
change in sex ratio would be caused by dominant lethals in the egg. 

4. If females are treated and subsequently mated, there is no appreciable 
reduction in male ratio, indicating that few, if any recessive lethals are 
induced in the egg. 

5. Treatment of mated females causes a radical lowering of female ratio 
indicating that more dominant lethals are induced in the sperm than re- 
cessive lethals in the egg. 
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INTRODUCTION 

T he events that take place in the development of the mammalian 
embryo have not been subjected to an extensive causal analysis so 
far. The reasons for this are to be found mainly in the lack of suitable 
methods. It is not possible yet to use transplantation, isolation or vital 
staining techniques on mammalian embryos as they have been used on 
amphibian embryos. In the course of time it probably will be possible to 
analyze the mammalian embryo by transplantation and isolation just as 
thoroughly as has been done with the amphibian. For the present, how- 
ever, the experimenter is not able “to take an active part in the course of 
events that take place during the embryogeny of the mammalian embryo,” 
nor “to alter the course of events at a chosen point in a chosen manner and 
draw conclusions on their relations from the resulting changes.” (Spe- 

MANN 1936.) 

A mutation that causes a certain malformation as the result of a devel- 
opmental disturbance carries out an “experiment” in the embryo by inter- 
fering with the normal development at a certain point. By studying the 
details of the disturbed development it may be possible to learn something 
about the results of the “experiment” carried out by the gene. However 
to discover anything about the nature of the action of the gene is a much 
harder task. It is necessary for this purpose to be able to trace back all the 
results of the action to certain original causes. While the experimental 
embryologist carries out a certain experiment and then studies its results, 
the developmental geneticist first has to study the course of the develop- 
ment (that is, the results of the developmental disturbance) and can then 
sometimes draw conclusions on the nature of the “experiment” carried 
out by the gene. 

In amphibian embryology the experimental analysis has led to an under- 
standing of the causal relations of the normal developmental events. It is 
possible that the study of hereditary developmental disturbances and their 
causes in the mammalian embryo may contribute to knowledge of the 
causal morphology of mammalian embryology. 

This paper restricts itself to the description of the development of an 

1 This research was aided by a grant from the Josiah Macy Jr. Foundation. 
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hereditaiy malformation which consists in taillessness in adult mice. So 
far it has not been possible to associate this malformation with a specific 
original defect, although a possible mode of origin is suggested and further 
investigations are being made along this line. 

The genetics of the two strains of mice in which taillessness is produced 
(strains A and 29) has been described in outline in two papers (Chesley 
and Dunn 1936; Dunn 1937). 

Taillessness in these strains is due to the interaction of the dominant 
gene for Brachyury T and a recessive allele t° in the A line, in the 29 
line. The tailless strains breed true because of a balanced lethal condition. 
The homozygotes TT die at the eleventh day after fertilization (Chesley 
1935), the ff homozygotes die shortly after implantation, and the 
homozygotes either before or just at implantation. Only the heterozygotes 

and Tf- survive to become tailless adults. 

Chesley (1933, 1935) described the development of the short-tailed 
mouse, the heterozygote T -f-, and that of the lethal honiozygote TT. It 
is proposed in this paper to describe the development of the tailless mouse 
in the A and 29 strains. 

I wish to express my thanks to Dr. L. C. Dunn for the suggestion of the 
problem and his help and criticism during the course of the investigation. 

MATERIAL AND METHODS 

The material used for the investigation of the development of the tail- 
less mouse was obtained from matings of tailless by tailless (Tt^XTt° or 
TfiXTf) and of Brachy by tailless (T 4- XTi® or T-f- XTf) or Brachy by 
hetero^gous normal tailed mice (T+ X -t-^® or T+ X +f). The embryos 
were timed by the vaginal plug method. Male and females were left to- 
gether for approximately fifteen to twenty hours, after which time the 
female was examined for a vaginal plug. Thus the timing of the embryos 
was accurate within ± 10 hours. Since there is a high degree of variability 
in the chronological and physiological age of the embryos it was sufficient 
for the purposes of this investigation to time the embryos within ±10 hours 
in order to obtain a complete series of tailless embryos. 

The embryos were obtained from the mother in the following way. The 
mother was killed with ether and the uterus with the ovaries was taken 
out and immersed in a .75 percent saline solution. The number of embryos, 
their position in the uterus, and any distinct size difference observable 
among the embryonic capsules were recorded. Up to the ninth day of 
development some of the litters were dissected out of their capsules, 
cI<Kely examined and recorded and then preserved for imbedding and 
sectioning. Since in these early stages of development the embryos are 
easily injured when dissected out of their protecting membranes, some of 
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the litters were preserved and sectioned in their capsules. From the tenth 
day of developraent on the embryos were always dissected out of their 
capsules for recording and preservation. 

All embryos were fixed in Bouin’s fluid. They were imbedded in paraffin 
and serial sections were made at 6/* to 15/*, depending on the size of the 
embryo. The sections were stained in Delafield’s Haematoxylin and coun- 
terstained in eosin. 

For the purpose of studying the development of the tailless mouse in 
line 29, 21 litters from matings of tailless by tailless, Brachy by tailless 
and heterozygous normals by Brachy or tailless were dissected out. A 
total of 15s embryos was obtained. Fourteen litters yielding 100 em- 
bryos were ten days or older. At this age future taillessness can be diag- 
nosed: of these 100 embryos 27 were tailless. In litters younger than ten 
days (7 with a total of 55 embryos) future taillessness could not be 
diagnosed. In the A line 23 litters consisting of 202 embryos were dis- 
sected out for the study of the development of the tailless mouse. Of these 
18 could be diagnosed to be tailless by gross and histological examination. 
Thirty-three more embryos of the total were known to be genetically tail- 
less because they came from matings of tailless by tailless. In 13 litters 
yielding 105 embryos, which were younger than 10 days and resulted from 
Brachy by tailless or Brachy by heterozygous normals, future normal and 
tailless mice could not be distinguished from each other. For embryos 
older than 10 days, normal litter mates were used as controls. Besides 
these, ten normal litters were dissected out, yielding a total of 75 normal 
embryos which were also used as controls. Development proceeds identi- 
cally in the tailless embryos of the 29 line and in those of the A line. The 
following description was first made for the 29 line and was then proved to 
be true also for the A line. 

DESCRIPTION OF THE ADULT TAILLESS MOUSE 

The morphology of the adult tailless mouse has been thoroughly de- 
scribed by Kobozieff (1935). By means of a great many radiographic pic- 
tures he demonstrated the high degree of variability in the malformations 
of the sacral and caudal regions of the spine of the tailless mice. The adult 
tailless mouse in some cases does not possess the slightest trace of a tail, 
but in most of the cases there is a short filament present, consisting of skin 
and connective tissue only and varying in length from 2 to 10 mm. Mal- 
formations in the spine consist of fusions of lumbar vertebrae with each 
other or with the sacrum, or of simultaneous fusions of both lumbar ver- 
tebrae inter se and with the sacrum, or of fusions of the entire lumbar re- 
gion with the sacrum, and of fusions in the caudal region. Furthermore 
there is found a failure of ossification in the spine and incomplete fusion 
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in the middle line of the vertebrae. The number of vertebrae in the lumbar 
and sacral regions of the tailless mice is constant in the majority of cases, 
five in the lumbar and four in the sacral region. However a small degree 
of variability has been found in other cases, the number of vertebrae in 
the regions mentioned above being augmented or reduced. There is a high 
amount of variability in the manner of termination of the spine. It may 
terminate in the tailless mouse anywhere between the first sacral vertebra 
and the fourth caudal. Sometimes the spine ends quite abruptly as if it 
were cut off at the level of the intervertebral disc. Most often, however, 
the spine seems amputated not at the level of the intervertebral disc but 
across a vertebra. The last vertebra may be rounded off, it may lack all 
processes or it may be elongated more or less. In certain cases the termina- 
tion of the spine shows a progressive decrease in the size of several ver- 
tebrae, reminding one of the pygostyle of a bird, or the os coccygis of 
tailless mammals. Sometimes several terminal vertebrae fuse. There are 
cases where the spine ends with a free fragment or with a partly luxated 
vertebra, or even with fragments reminding one of aberrant vertebrae 
originating from a more distal part of the tail. 

In newborn tailless mice, according to our observations, lesions in the 
region of the sacrum are found frequently. In these cases blebs or haema- 
tomata are observed underneath the epidermis. These blebs represent 
cysts of spinal cord tissue. The spine itself terminates anterior to such a 
cyst and the last part of spinal cord which does not find any protecting 
vertebrae forms the cyst. In the adult, apparently, no trace of this lesion 
can be found externally. In a few extreme cases paralysis of the hind limbs 
has been observed in newborns, due probably to absence of nerves as a 
result of extreme shortening of the spinal cord. In dissection of one such 
case (29 line) no ventral roots were found in the last part of the spinal cord. 
This would account for the paralysis of the hind limbs. In two other cases 
(A and 29 line) two tailless mice were born without an anal opening. One 
of these newborns had also an abnormally small genital papilla. 

DEVELOPMENT OF THE TAILLESS EMBRYO 

For the study of the early stages of the embryogeny of the normal mouse 
up to the eighth day after fertilization three papers by Sobotta (1895, 
i9°3) 1911) have been used. An excellent Normentafel was published re- 
cently by Henneberg (Keibel’s Normentafel 1937) for the rat, in which 
development is extremely similar to that of the mouse. 

The development of the tailless embryo proceeds normally up to the 
eleventh day after fertilization. The tail bud becomes distinct on the ninth 
day of development. It grows and lengthens and at about the end of the 
tenth day the tail of the normal mouse begins to grow very fast and length- 
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ens considerably (fig. la). The tail of the prospective tailless mouse also 
grows and lengthens rapidly but at the beginning of the eleventh day a 
sharp constriction sets in at the proximal end of the tail (fig. ib). This 
constriction always occurs at the same level and demarcates the tail from 
the trunk. While on the tenth day of development the somite number in 
the tail of both the normal and the tailless mouse is the same (it averages 
6) there is a marked difference on the eleventh day. At this time it averages 
twenty in the normal mouse and fifteen in the tailless mouse. These num- 
bers indicate that the somites in both tails have increased in number, in 
the tailless mouse however to a lesser degree than in the normal mouse. 
On the twelfth day the somite number in the tail of the normal mouse aver- 
ages twenty-seven, while that of the tailless mouse averages twenty-one. 
From the thirteenth day on, no somites are recognizable in the tail of the 
tailless mouse by gross examination. 

From the eleventh day on, there is a marked difference in the appear- 
ance of the tail of the normal and that of the tailless mouse. The constric- 
tion at the proximal tail end becomes more and more apparent. While in 
the normal mouse the trunk and the tail continue in one unbroken line, 
there is a sharp dividing line between the trunk and the tail in the tailless 
mouse (fig. sa and b). 

The tail of the future tailless mouse reaches its maximal length on the 
twelfth day of development. From then on it decreases in length and thick- 
ness, and finally, on the fifteenth day, there is but a small filament left 
(fig. 3b). In most cases this filament persists during the lifetime of the 
mouse; in a few cases, however, it is resorbed, and the mouse is born with 
no trace of a tail whatsoever. 

Irregularities of the tip of the developing tail are quite frequently ob- 
served in both the normal and the future tailless embryo. In two litters 
of normal mice which were used for controls — one dissected on the 13th 
day after fertilization, the other on the 14th day — embryos with forked 
tail tips were found. Forking of the tail tip was also observed frequently 
in tailless embryos (fig. ib). It occurred in both normals and abnormals 
most frequently at the age of 13 or 14 days, at a time when the growth rate 
of the tail is very high. 

The gross examination clearly demonstrates that the absence of the 
tail in the adult mouse is not due to a complete suppression of the anlage 
but that the tail of the future tailless mouse develops quite normally up to 
a certain point after which some process sets in which effects retrogression 
and resorption of the tail. 

HISTOLOGICAL EXAMINATION OF THE TAILLESS EHBEYO 

The histological examination of embryos makes it possible to diagnose 
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There exists thus a striking difference between the tail bud and the 
elongated tail of the normal and of the mutant mouse. While in the normal 
mouse all structures present in the tail bud are drawn out into the elon- 
gated tail, the elongated tail of the future tailless mouse does not contain 
all of the structures present in the tail bud; it lacks the notochord. It seems 
that the notochord has reached its furthest posterior extension in the tail 
bud of the mutant embryo ; it does not lengthen during further growth of 
the tail. The appearance of diverticula and ventral branches of the noto- 
chord in the posterior trunk region of the mutant (to be described below) 
seems to show that the notochord in its posterior part still possesses cer- 
tain growth capacities although it does not grow into the elongated tail. 

Apart from the tail, the most posterior part of the trunk also shows 
abnormalities. The structure most abnormal here is the notochord which 
in this region quite frequently sends off ventral branches. Figures 6 and 8 
show such a ventral branch of notochord which cuts across the aorta and 
comes into contact with the epithelium of the cloaca. Furthermore, in the 
normal mouse embryo there is a wide space between the cloaca and the 
neural tube filled with mesenchyme (fig. 7) . In the tailless mouse the space 
between cloaca and neural tube is very much smaller. The posterior trunk 
region seems to be compressed in a dorso- ventral direction (fig. 8). 

Figures ii and 12 show very abnormal conditions in the posterior trunk 


Explanation of Figures 4-12 

4) Parasagittal section of tail of normal embryo. 3040, 3r. Age 10 days. Neural tube, noto- 
chord, hind gut. 

5) Parasagittal section of tail of tailless embryo. 3040, 5I. Line 29. Age 10 days. Notochord 
entirely absent in tail. Neural tube, hind gut, somites. Last trace of notochord ventral to neural 
tube in posterior trunk region. 

6) Oblique section of posterior trunk region of tailless embryo. 2624, 4r. Line 29. Age ii days. 
Ventral branch of notochord in contact with epithelium of cloaca. Bleb between posterior end of 
neural tube and epidermis. 

7) Oblique transverse section of posterior trunk region of normal embryo. 3040, 4I, Age 10 
days. Notochord small rod ventral to neural tube, 

8) Oblique transverse section of posterior trunk region of tailless embryo 3040, ir. Age 10 
days. Ventral branch of notochord below neural tube cuts across the aorta and comes into contact 
with epithelium of cloaca. Smaller space between neural tube and cloaca than in normal litter mate 
in figure 7. 

9) Parasagittal section of posterior trunk region of tailless embryo 2624, 4r. Line 29. Age ii 
days. (See figure 6.) Notochord running ventral to neural tube shows a number of branches and 
diverticula, 

10) Parasagittal section of posterior end of neural tube of tailless embryo 2305, ir. Line 29. 
Age 12 days. Neural tube bends laterally at its end. Diverticula of neural tube. 

11) Parasagittal section of posterior trunk region of tailless embryo. 3233, 7I. Line A. Age ii 
days. Fingerlike branches of hind gut that are in contact with the notochord which can be seen 
ventral to the neural tube. 

12) Parsagittal section of posterior trunk region of tailless embryo 3233, ir. Line A. Age ri 
days. Notochord — ventral to neural tube — shows a number of ventral branches and is in contact 
with the highly malformed hind gut* 
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region of tailless embryos at the age of ii days. Fingerlike branches of the 
hind gut establish a connection between hind gut and notochord while the 
notochord itself also sends off ventral branches. 

In considering the abnormalities just mentioned, it should be remem- 
bered that during its development the notochord passes a stage at the 
age of 8 days when it is partly incorporated as chordal plate in the dorsal 
wall of the gut (Huber 1918). This stage is followed by one in which the 
chordal plate again separates from the wall of the gut. The possibility 
exists that failure of the notochord to separate entirely from the gut might 
be responsible for the presence of the branches connecting notochord and 
hind gut, or notochord and cloaca. 

On the eleventh and twelfth days of development the abnormalities in 
the tail and posterior trunk region of the tailless embryo become more and 
more marked. In sections of the constricted tail no notochord is found. 
For a short while, neural tube and gut, both not straight but curled and 
bent, are still to be found in the tail. Soon these structures disappear; 
they probably are resorbed. The last structures recognizable in the tail 
are the somites and blood vessels, and finally by the fourteenth day only 
mesenchyme and skin are left in the tail filament. 

On the eleventh day the neural tube and the hind gut still extend further 
distaUy than does the notochord. The notochord in its posterior part sends 
off branches ventrally (fig. 9) which frequently come in contact with the 
cloaca. The last part of the notochord usually is not straight but bent 
ventraUy. It may be forked at its end, and even the branches themselves 
sometimes are forked at the end. On the twelfth day the termination of 
the neural tube of the tailless embryo is found in the most distal part of 
the tmnk. No filamentum terminale is present. The neural tube ends rather 
abruptly and often is not straight but curled. Frequently a bleb is found 
between the neural tube and the epidermis of the back (figs. 6 and 9) . In 
the neighborhood of the termination of the neural tube small fragments 
of neural tube tissue are found in the surrounding mesenchyme. In embryo 
2SOS) ^ r (%• 10) a number of diverticula of the neural tube have formed 
at its posterior end. 

The abnormalities in the posterior region of the trunk are very variable. 
The notochord is always abnormal, but it may have a variable number of 
branches which may or may not be in contact with the epithelium of the 
cloaca. Frequently connections between the notochord and the cloaca 
are established by fingerlike branches of the hind gut (figs, ii and 12). 
The space between neural tube and cloaca, containing mesenchyme, may 
be more or less compressed. The termination of the neural tube in this 
region looks different in different animals. There may be some small frag- 
ments of neural tube tissue in the region of the end of the neural tube. 
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Sometimes a bleb forms dorsal to the neural tube and immediately be- 
neath the skin. The variability in the tailless embryos corresponds to that 
in the tailless adults. There is no strict uniformity in the abnormalities of 
either. 

DISCUSSION 

The development of hereditary taillessness in two strains of mice has 
been described. Taillessness in these strains is due to the interaction of 
T (Brachyury gene) with either (A line) or f (29 line). The development 
of the short-tailed mouse (Brachy heterozygote T-{-) has been described 
by Chesley (1935). There are a great many similarities in the development 
of the short-tailed and the tailless mouse. In both cases the tail is first 
formed normally and then later a constriction sets in, with a resulting 
resorption of that part of the tail and all the structures in it that lie dis- 
tally to the point of constriction. In both the short-tailed and the tailless 
mouse the constriction appears on the eleventh day of development. The 
same kind of malformation of the notochord is observed in both of them, 
shortening of the notochord and the appearance of ventral branches in 
the posterior trunk region which come in contact with the gut epithelium. 
A difference between the heterozygous Brachy and the tailless mouse lies 
in the fact that in the short-tailed mouse the place varies at which the 
constriction sets in; the tail may become constricted anywhere between 
its proximal and its distal end. In the tailless mouse, however, the con- 
striction always occurs exactly at the proximal end. Since in the adult 
tailless mouse the number of missing vertebrae in the sacro-caudal region 
varies, it follows that in the tailless embryo there must be a high degree 
of variability in the processes which lake place in the reduction of the 
vertebral column. A special study of the development of the vertebral 
column in the tailless mouse has not yet been made. The high degree of 
variability in the posterior trunk region of the tailless embryo as far as 
the notochord is concerned has been mentioned above. However, the place 
of tail constriction is always the same in the tailless mouse. 

This case of the tailless mouse reminds one also of certain wing mutants 
in Drosophila (Goldschmidt 1937). In both, development is normal up 
to a certain critical point. At this point in the tailless mouse, a resorption 
of the tail whose anlage had been perfectly normal, takes place. A de- 
generation of the tissue of the wing margin occurs in the mutant fly. 

The present data do not give any answer to the question whether there 
is a time element involved in the different action of the Brachy hetero- 
zygote (T-f) and the tailless heterozygote {Tt). One might expect at 
first to find that the process which produces complete taillessness sets in 
earlier than the process which produces a short tail. From external obser- 
vations, however, it seems that the constrictions of the tail — that resulting 
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in as well as that leaving a short tail — set in at the same time, 

namely at eleven days. Since the short-tailed embryos (Chesley 1935) 
were timed within +12 hours and the tailless embryos were timed within 
±10 hours, it would be impossible to decide from the existing data 
whether a small time difference exists in the onset of the resorption process. 
Certainly no striking time difference was found. From histological obser- 
vations also there is no evidence of a time difference in the onset of the two 
processes. Chesley found definite abnormalities of the.notochord in heter- 
oaygous embryos at ten days, that is, before the appearance of a constric- 
tion in the tail. The same was found to be true in the tailless embryo at 
ten days, before any abnormalities could be detected grossly. From the 
data it seems as if the abnormalities in the notochord at ten days were 
greater in the future tailless embryo than they are in the short-tailed em- 
bryo. However no conclusive evidence of this exists, since from Chesley’s 
data the exact extent of the notochordal abnormalities in the tenth day 
embryo is not clear. 

The structures affected in the embryo in the tailless mutation are the 
neural tube, the notochord, the mesoderm in the tail and in the posterior 
trunk region, the cloaca (contact of its epithelium with the notochord). 
According to Sobotta the embryonic mesoderm in the mouse embryo 
arises from the wall of the primitive gut. The primitive gut of the mouse 
is a small blind canal about 30#* in length which runs obliquely from the 
cell mass of Hensen’s node (at the anterior end of the primitive streak) to- 
ward the yolk sac cavity in an antero-ventral direction. It opens into the 
yolk sac cavity. The primitive gut in the mouse corresponds to the so- 
called neurenteric canal in other mammalian embryos (Soboxta 1911). 
Aside from the embryonic mesoderm, the wall of the primitive gut also 
gives rise to the notochord and to parts of the wall of the future gut. This 
seems to suggest that the malformations found in the tailless embryo 
might be traced back to some kind of malformation in the primitive gut 
region. Either some definite structure in the primitive gut has been af- 
fected by the mutation, or the primitive gut as a whole might have become 
affected at a certain time when it gave rise to the posterior part of the 
notochord, to the wall of the gut or the cloaca and to the mesoderm in the 
tail and posterior trunk region. 

Chesley from his results concludes that “tlie abnormality of the noto- 
chord is one of the more fundamental of the disorders involved, and that 
the condition of the neural tube is either wholly or in part due to the ab- 
normality of the notochord.” Chesley further cites examples from the 
literature indicating the significance of the notochord for the development 
of the neural tube. Our data point in the same direction. The notochord 
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seems to be the structure first affected in the tail, malformations of the 
neural tube follow. While at the end of the tenth day of development the 
notochord of the mutant mouse differs from that of the normal by ending 
in the posterior trunk region and not extending into the tail, the neural 
tube of the mutant mouse is still normal at this time and extends into the 
elongated tail. Aside from this time difference in the onset of the develop- 
mental disturbances in the notochord and the neural tube, it ought to be 
noted that the elongated tail of the tailless mouse n&oer contains any noto- 
chord, while it does contain neural tube up to the time when it becomes re- 
sorbed. Never were malformations of the neural tube found without simul- 
taneous abnormalities in the notochord. In young stages, on the other 
hand, it is possible to find malformations in the notochord without asso- 
ciated abnormalities in the neural tube. Our data do not give conclusive 
evidence for conceiving the malformations of the neural tube as secondary 
to the disorders of the notochord, but they point in this direction. 

If it were possible to establish definitely that abnormalities exist in the 
region of the primitive gut in early stages of future tailless mice, one would 
be justified in ascribing to these regions of the primitive gut the responsi- 
bility for the development of the malformed structures in the older em- 
bryos. At the same time one would be justified in drawing from these 
abnormal conditions conclusions on the causal relations of these same 
structures in normal development. Further work is being done in this 
direction. 

Death of the homozygous lethal in the 29 line takes place either before 
or just at implantation. The homozygous lethals in the A line are found 
dead shortly after implantation, at the age of six days. The morphology 
and the development of these lethal types are being investigated. 

SUMMARY 

1) The development of tailless mice of two strains (line A and line 29) 
is described. 

2) Embryos that are going to be tailless can be distinguished from their 
normal litter mates at the beginning of the nth day after fertilization on 
gross examination, by a constriction that separates the tail from the trunk 
in the tailless embryos. 

3) The tail which grows normally up to the nth day retrogresses after 
the constriction has taken place and is then resorbed. By the 14th day 
only a small filament is left in place of the tail. 

4) By histological examination it was found that the constricted tail 
contains somites, neural tube and hind gut, but no notochord on the loth 
and nth days after fertilization. 

5) From the 12th day of development on, the tail filament contains no 



584 S. GLUECKSOHN-SCHOENHEIMER 

neural tube and hind gut; soon the somites disappear also, and finally 
only mesenchyme is left in the filament. 

6) The notochord is reduced in the posterior trunk region of the tailless 
embryos and sends off ventral branches. The neural tube is reduced also 
in the posterior trunk region and has diverticula. The space between 
neural tube and cloaca is smaller than in normals. No irregularities in the 
anterior body region were found in the tailless embryos. 

7) From the present data it is not possible to conclude definitely that 
the notochord is the structure primarily affected in this mutation and the 
neural tube only secondarily. The results do, however, point in this direc- 
tion. 

8) The possibility that the abnormalities in the tailless mouse trace 
back to a malformation of the primitive gut region in an early stage of em- 
bryogeny is discussed. 
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INTRODUCTION 

A CARCINOMA of the ovary has been maintained by successive 
transplantations in mice of the CBA strain for nearly three years. 
In the first study with this tumor, it was determined that only normal 
males of the CBA strain would show progressively growing tumors during 
a three-month period. It was also ascertained that the growing trans- 
planted tumor secreted appreciable amounts of estrogen. The criteria of 
hormone secretion of the transplanted tumors were: (a) long continued 
estrous vaginal smears which, after removal of the tumors reverted to 
the diestrous type in castrate females; and (b) growth of the rudimentary 
mammary glands of males as the transplanted tumors grew. Insufficient 
hormone was secreted to affect the pelves (Strong, Gardner and Hill 

1937)- 

The above conclusions reopened the problem of immunity to this trans- 
planted neoplasm. The transplantation of neoplastic tissue (primarily 
based upon carcinoma of the mammary gland) demonstrated that the 
progressive growth of the tumor was determined by genetic factors in- 
herited according to the accepted laws of mendelian heredity. No func- 
tional characteristic of the grafted tumors, however, has been demonstrated 
in these tumors growing in genetically controlled strains of mice. The 
presence of multiple factors underlying susceptibility and immunity to 
the previously grafted tumors has complicated the physiological factors 
that should have been evident. In the only case in which susceptibility and 
immunity to a grafted tumor was apparently controlled by a single men- 
delian factor, the especially selected strain of mice was lost before ade- 
quate physiological proof was obtained (Strong 1926). 

The present tumor, a carcinoma of the ovary, was a suitable tissue for 
our purpose. The sex difference encountered in the natural susceptibility or 
immunity to the tumor in inbred CBA mice suggested that a simple genetic 
mechanism was involved. Again, the hormone factors involved in sex 
physiology are so well known that ample opportunity of investigating 

^ This experiment has been made possible by grants from the International Cancer Research 
Foundation, the Anna Fuller Fund and the Fluid Research Funds of Yale University, School of 
Medicine. 
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this problem in relation to the grafted tumor should not be further de- 
layed. The secretion of estrogen by the tumor during its growth as a trans- 
plant is a type of physiology which can be easily measured. Other hormone 
preparations known to influence (i) follicular development of the ovary 
(the tumor probably arose from granulosa cells) and (2) sex physiology, 
should therefore be investigated. Finally the action or interplay of genetic 
and hormonal agencies in building up the physiological behavior of the 
individual seems to be indicated. 

RESULTS 

The genetic factors involved in the successful growth of the grafted 
tumor were studied by (i) the inoculation into normal male and female 
mice of the CBA (Strong 1936) strain, ( 2 ) males and females of the A 
strain (Strong 1936a) and (3) the hybrids of the first two filial generations 
produced by crossing individuals of these two inbred strains. 

Inoculation into normal CBA mice 

One hundred and sixty-eight female and 153 male mice of this strain 
were inoculated with the tumor. All males grew the tissue progressively 
(100 percent susceptible). Only eight of the normal females grew the tissue, 


CENTIMETERS 
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WEEKS 

Figuke i.—TLe average growth rate of the transplant in (a) male mice (solid line) and (b) fe- 
male mice (dash Hne) of the CBA strain. Time in weeks is plotted along the base line j size of tumor 
(greatest diameter in centimeters) is plotted along the vertical line. 

and of these eight, seven occurred in the first two transfer generations. 
After a lapse of time (approximately a year) a new series of mice of the 
CBA strain were inoculated with the tumor and the females were kept for 
a considerable period after the males had all died with large tumors. Ap- 
proximately eighteen percent of normal females of the new series eventu- 
ally grew the tissue. In another experiment, a few female mice grew the 
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transplanted tissue to the size of a pea over a period of eighteen months. 
The sexual difference encountered was not an absolute one but rather one 
of degree. Whether more normal females of the CBA would later grow 
the tissue is of course not shown by the present data. The comparative 
analysis of susceptibility and resistance to the grafted tumor was signifi- 
cant only when the time relationships existing after the mice were ac- 
tually inoculated were taken into consideration. The transplants grew 
much faster in males than in females (fig. i). The tumors after a period of 
relatively rapid growth, were infiltrated with heavy calcified deposits, 
thus becoming rock-like, after which they did not increase much in size. 

Results of inoculation into F\ individuals 

Since a sex difference was encountered in the inoculation of normal 
individuals of the CBA strain, the outcross to the A strain was made in 
both directions. Seventy-nine mice produced by crossing CBA females 



Figuhe 2 . — ^The average growth rate of the tumor in (a) normal male mice of the CBA strain 
(solid line) and (b) Fi male mice obtained by a cross between the CBA and A strains. Heterosis 
increases the growth rate of the grafted tumor. 


with A males were inoculated with the tumor; of these, 26 were males and 
S3 females. All of the 26 males grew the tissue progressively; whereas only 
10 of the S3 females grew the tumor. The percentage of female Fi individ- 
uals growing the tissue (18.8%) was approximately the same as that ob- 
tained in purebred CBA females. In the other cross when A females were 
mated to CBA males, 91 mice were obtained. Of these, 44 were males and 
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47 females. All the males and 9 of the females grew the tumor. Of the 
Fi females produced by this cross 21.3 percent thus grew the tumor or ap- 
proximately the same proportion as that obtained in the first Fi population 
and in the original CBA females. Apparently neither sex linkage nor sex 
limited inheritance was involved in susceptibility to this transplant. That 
both the males and females of the Fi generation give the same percentage 
of susceptible individuals would indicate, however, that susceptibility to 
the transplanted tissue is intrinsically determined. The evidence indicates 
that a non-genic sex-limited influence is probably involved. 

Male mice of the Fi generation grew their tumors at a more rapid rate 
.than male mice of the CBA strain, as indicated in figure 2. This finding 
has been encountered several times and indicates that heterosis is involved 
in the rate at which a transplanted tumor grows, as postulated by Strong 
(1926a). 

Results obtained in the F2 generation 


The data obtained by inoculating the tumor into Fs individuals are 
presented in table i. 


Table i 


CBA$XAcf 


-H — PERCENT 

+ 


A$XCBAcf 


+ — PERCENT 

+ 


AVERAGE 

PERCENT 

+ 


9 S 148 5.1 16 196 7.5 6.5 

c? 20 80 20.0 40 52 38.4 29.4 

The data obtained in the male mice will be discussed first. It appears 
that multiple mendelian factors (probably four) are involved in the suc- 
cessful growth of this transplantable carcinoma of the ovary. The expecta- 
tion for independent multiple factors in the F2 generation is given in 
table 2. 

Table 2 

NO FACTORS RATIO PERCENT 

+ 


I 

3:1 

75-00 

2 

9*7 

56.25 

3 

27:37 

42,18 

4 

81:175 

31.64 

S 

243:781 

23-73 


The percentage obtained (29.4) with this F2 generation of male mice lies 
between that expected for four (31.64%+) or five (23.74%+) factors, 
nearer that expected for four factors. 

The genetic analysis of susceptibility to the transplant for female mice 
of the same inbred strain was, however, not so clear. Definite ratios were 
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obtained both in pure strain individuals as well as in the outcross genera- 
tions to pure strains thus indicating that intrinsic factors are involved in 
the process of transplantation. The same diminution of susceptibility is 
obtained in the F2 individual females as was seen in a similar analysis 
for males in the same experiment. These comparative data are shown in 
table 3. 

Table 3 

PERCENT + 



cf 

9 

CBA 

100 

18,2 

Fi 

100 

20 I 

F2 

29.4 

6.5 

Fi>F2 

3-4 

3*1 


It is tentatively concluded, from the above analysis, that approximately 
four mendelian factors are involved in the successful transplantation of 
the carcinoma of the ovary in both males and females. The complete 
multiple-factor complex manifests itself in male mice only. Apparently 
some physiological mechanism within the female inhibits or prevents the 
full manifestation of its genetic constitution. 

In order to test out this hypothetical mechanism that underlies suscepti- 
bility and resistance to the transplant an endocrinological investigation 
was undertaken. 

STUDIES OE HORMONE TREATMENT ON TUMOR RESISTANCE 


E^ect of castration. Thirty-one male mice of the CBA strain, castrated 
at approximately six weeks of life, were inoculated with the tumor two 
weeks later. Of these, only fourteen grew the transplant. When the growth 
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Figure 3. — The average growth rate of the transplant in (a) normal male mice (solid line), (b) 
normal female mice (long dash line), (c) castrate male mice (dotted line) and (d) male mice receiv- 
ing estrogen (short dash line). 
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rate of the tumor is compared to that obtained in normal male and female 
mice of the same strain (fig. 3) it is seen that castration not only dimin- 
ished incidence but also decreased the growth rate of the transplant similar 
to that obtained in normal female mice of the same strain. 

Twelve female mice of the CBA strain were castrated at six weeks of 
age and inoculated with the transplant. Four of these grew the tissue pro- 
gressively and slightly faster than did normal female mice of the same 
strain. Daily vaginal smears disclosed the presence of some estrogen but in 
insufficient amounts to keep the castrate female in continuous estrous. 

Hormone injections. Since the incidence and growth rate of this trans- 
planted ovarian carcinoma was related to the presence of the gonads, 
especially the testes, it might be affected by the sex hormones or gonado- 
tropic hormones. This hypothesis was tested by injection of various hor- 
mones into 115 CBA mice in which the tumor had been transplanted under 
the skin in the region of the right axilla. Sixty females and 55 males were 
used, Vialf of the females and 25 of the males were castrated. Five castrate 
and five non-castrate mice of each sex served as controls for the similar 
group which received daily injections respectively, of 25 i.u. of estrogen-2, 
(FoUiculin Benzoate or Progynon Bs),* \ mg. Progestin (Prolutin and 
Progestin | r.u. follicle stimulating hormone (Prephysin), 2.5 r.u. preg- 
nant mare’s serum (or Gonadin serum) and 0.05 cc. of egg albumen. The 
0.0$ cc. egg albumen was used as a control for the protein in the gon- 
adotropic hormones. As Progestin had only a slight inhibitory effect 
on the growth rate of the tumor, it was used only in the normal male and 
female series, and 200 gamma (weekly) of male hormone (testosterone 
propionate-9) was used in the castrates. 

RESTTLTS 

The growth rate of the transplants in male mice receiving pregnant 
mare’s serum was not affected (fig. 4). On the contrary, female mice re- 
ceiving pregnant mare’s serum grew their transplants at a more rapid rate 
than their controls (fig. 5). This enhanced growth rate may be due to 
(i) a “mutation” of the tumor similar to those encountered by Strong 

® I. The FoUiculin Benzoate was obtained from the British Drug House, London, England, and 
Progynon B was supplied through the courtesy of Dr. E. Schwenk of Scherring Corporation. 

2 . The Prolutein used was obtained through the courtesy of Dr. E. Schwenk of Scherring 
Corporation, and the Progestin through the courtesy of Dr. 0. Kamm of the Parke-Davis Com- 
pany. 

3 , The follicle stimulating hormone, Prephj^sin, was obtained from Chappel Bros., Inc., Rock- 
ford, Illinois. 

4* The pregnant mare’s serum was supplied by the Parke-Davis Company, through the cour- 
tesy of Dr. 0. Kamm and the Gonadin was purchased from Cutter Laboratories. Berkeley, 
Caiiforma. 

5 . Testosterone Propionate, ^^oreton,” was supplied through the courtesy of Dr. E. Schwenk 
of the Scherring Corporation. 



GENETICS OF TRANSPLANTED CANCER 


(1924, 1926b), Bittner (1930, 1931) and Cloudman (1932) with trans- 
plantable carcinomata of the mammary gland, or (2) the stimulation of the 
growth rate indirectly or directly without having undergone any cellular 



Figure 4. — The average growth rate of the tumor in (a) male mice (solid line) and (b) male mice 
receiving pregnant mare^s serum (dash line). There is no difference between the two curves. 


change. In order to test these two hypotheses, subsequent grafts were made 
from these enhanced growing tumors. The growth rate of these was the 
same as that obtained with the original tumor in male mice of the CBA 
strain. The second conclusion, therefore, seems to be the more logical one. 
In addition to a very rapidly growing tumor, one of the mice receiving 
pregnant mare serum also had several metastatic nodules in the lungs. This 



Figure 5. — ^The average growth rate of the transplant in (a) female mice (solid line) and (b) 
female mice receiving mare*s serum (dash line). Female mice receiving pregnant mare*s serum 
grow their tumors at an enhanced rate. 


is the only mouse of several hundred examined that had a metastasis from 
this tumor. The tissue from the lung metastasis has been carried on by 
subsequent transplantations for four generations without any obvious 
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deviation from the growth rate of the original transplanted tumor, or 
evidence of further metastatic activity. 

CENTIMETERS 



Figure 6.— The average growth rate of the transplant in (a) male mice (solid line) and 
(b) male mice receiving follicle-stimulating hormone (dash line). 

The injection of the follicle-stimulating hormone had no detectible effect 
on the growth rate of the tumor or the survival time of normal female mice. 
On the other hand, it had a significant stimulating effect on the transplant 
growth in normal males (fig. 6). 



Prolutin may have had a sUght inhibitory action on the growth of the 
carcinoma of the ovary, since the growth curve lagged behind that ob- 
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tained for the controls— and eventually approached the normal curve after 
the injections of prolutin were discontinued (fig. 7). 

The injection of estrogen into both males and females inhibited the 
growth rate of the transplanted tumors (figs. 3 and 8). 



WEEKS 

Figure 8. — The average growth rate of the transplant in (a) female mice (solid line) and (b) 
female mice receiving estrogen (dash line). Female mice receiving estrogen completely regressed 
their tumors. 

The growth rate of the implanted tumor was not altered by the injec- 
tion of any of the hormone preparations when the individual (male or 
female) had been previously castrated. The injection of egg albumen did 
not affect the growth rate of the tumor. The comparative effect obtained 
by the various injections is given in table 4. 

Table 4 

FEMALE MALE 



NORMAL 

CASTRATE 

NORMAL 

CASTRATE 

Mare’s Serum 

+ 

0 

0 

0 

F.s.n. 

0 

0 

+ 

0 

B.D.H. 


0 

— 

0 

Prolutin 





Egg Albumen 

0 

0 

0 

0 

Male Hormone 




0 


GENEllAL DISCUSSION 

Though this tumor arose in the ovary a delayed or complete failure of 
its development following transplantation into intact female mice soon 
became apparent. Whether the tumor arose under altered hormonal con- 
ditions or underwent changes following transplantation afforded two pos- 
sibilities for speculation. 

Since the genetic study indicated a non-genic sex-limited regulation of 
transplantation and rate of growth the possibility of hormonal factors was 
investigated. The intact male afforded the optimum environment for the 
transplant; the intact female the least satisfactory host. Orchidectomy in- 
hibited the growth of the tumor. 
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The increased rate of growth of the transplanted tumors in normal 
females receiving pregnant mare’s serum might indicate that this effect was 
obtained by the action of the ovary. F.S.H. was, however, without effect. 
The failure of estrogen or progestin injections were not compatible with 
such interpretation. The lack of effect of pregnant mare’s serum in intact 
TOfllpR indicates an absence of any direct effect of this gonadotropic prin- 
ciple. The present experiments fail to explain definitely the role of endo- 
crines indicated by the differences of growth of the transplant in the males 
and females. Some tumors particularly certain adenomas of genital tissues 
respond to their hormonal environment. The more malignant tumors have 
failed to respond to most hormonal deficiencies, presence or excesses, un- 
less the general condition of the animal is greatly affected. It is particu- 
larly interesting that this comparatively malignant tumor has also re- 
tained to some extent the physiological activity of the tissue of origin. 

The tendency of the tumor to calcify, particularly when growing slowly, 
in intact females also merits further investigation. 

The genetic theory of transplantation of neoplastic tissue as postulated 
by Strong formulated the conception that the fate of neoplastic tissue 
within the body was controlled by a reaction between the tumor and the 
host. The reactivity of the host is controlled by its intrinsic genetic consti- 
tution; that of the tumor is also determined by an internal genetic con- 
stitution. The data of Strong, Bittner and Cloudman have clearly 
demonstrated that the genetic constitution of the tumor may change from 
time to time presumably by a process similar to somatic mutation. 

The present data, on the other hand, demonstrate that the reactivity 
of the host toward a transplantable carcinoma of the ovary may be influ- 
enced by the injection of hormone solutions or by gonadectomy. 

The genetic data demonstrate that susceptibility and resistance to the 
transplant are determined intrinsically by multiple mendelian factors. 
There are at least two hypotheses for the explanation of the relationship 
between genic and hormone action. The first one maintains that the early 
development of the individual is determined by genic action. This is 
eventually replaced by hormone action during the adult physiological life 
of the individual. The second h3^othesis maintains that genic action and 
hormone action are both present simultaneously. With the accumulated 
data on the effect of genes throughout the entire life span of the individual 
and on the inheritance of disturbances of the endocrine system itself, it 
seems more likely that hormone action may very well be controlled by or 
be concomitant with genic action. 

, It is more than probable therefore, that in this investigation the influ- 
ence of hormone preparations on susceptibility and resistance to a trans- 
plantable carcinoma of the ovary has been demonstrated by the possibility 
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that the defect or variation received by the individual through its germ 
plasm has been made good by hormone therapy. 

SUMMARY 

The growth of a transplanted carcinoma of the ovary depends on the 
simultaneous presence of multiple mendelian factors (probably four). The 
growth rate of the tumor can be influenced, however, by internal secre- 
tions of the host. However, the endocrine factors have not been clearly 
worked out because of (i) the extreme calcification undergone by the 
tumor and ( 2 ) the extremely slow growth of the transplant in intact fe- 
males. 

The problem of tumor susceptibility and resistance is discussed; the 
interest inheres primarily in the fact that the tumor has retained the 
physiological activity of the tissue from which it originated (that is, the 
ovary). 
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R ecent studies and interpretations of the genetic effects of X-ray 
induced translocations and inversions in plants and animals empha- 
size the need for additional information concerning the cytological aspects 
of such chromosome alterations. Realization of this has prompted a 
number of investigators (Lewitsky and Araratian 1931; Mather and 
Stone 1933; Stone 1933; Mather 1934, 1937; Hoskins and Hunter 
1935; White 1935, 1937; Riley 1936; Levan 1936; Gustaesson 1937; 
and Nebel 1936, 1937) to undertake studies of the immediate effects of 
X-rays on chromosome morphology. Because the results of these studies, 
though agreeing in many essentials, nevertheless seem utterly opposed 
and contradictory in other respects, further work is needed, utilizing 
other and, as far as possible, more favorable material. 

The neuroblasts of the embryo of the grasshopper, Chortophaga viridi- 
fasciaia, were used in the present study. These cells are particularly suit- 
able for observations of chromosome form and alteration (Carlson 1937). 
They are present in relatively large numbers. They are readily identifiable 
because of their large size, which is sufficient to accommodate the meta- 
phase and anaphase chromosomes with a minimum of crowding and over- 
lapping; this is especially important in X-rayed material, in which one 
must be able to distinguish between translocation and juxtaposition. Also, 
like the better-known germ cell chromosomes of the grasshopper, these 
somatic chromosomes are large. In this species all are telomitic, and so 
have the form of simple rods. On the other hand, a disadvantage of this 
material, especially as compared with the microspores of certain plants, 
is the large number of chromosomes (23 and 24 in the male and female, 
respectively), which makes it impossible to identify and interpret changes 
in terms of individual chromosomes, after even a relatively slight X-ray 
treatment. 

My thanks are due Dr. A. F. Blakeslee for the opportunity of working 
at the Department of Genetics of the Carnegie Institution of Washington 
during the summers of 1937 and 1938. 1 am deeply indebted to Dr. B. P. 
Kauemann and Dr. M. Demerec for much valuable discussion as well 
as many helpful suggestions and criticisms relating to this study. 

Oi^tics 23: sci 4 Nov. 1938 
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MATERIAL AND METHODS 

Eggs containing embryos 3-5 weeks old were given X-ray dosages of 
100, 125, 250, 500, 750, and 1000 r.‘ At the end of certain time intervals 
after irradiation embryos were removed from the eggs and made into 
permanent slides by Bauer’s (1936) modification of the aceto-carmine 
method. This consists of immersion for 30-40 minutes in aceto-carmine, 
spreading on an albuminized glass slip under a greased cover glass, re- 
moval of the cover glass in 95 percent alcohol, and mounting directly in 
euparal. 

It is true that fixation and staining with aceto-carmine do not give the 
uniformly and consistently excellent chromosome preparations that 
many other technics do. The ease and speed that it affords, however, 
recommend its use where a large number of preparations must be made in a 
limited period of time, provided, of course, that the shortcomings of the 
method be kept in mind in interpreting results. The aceto-carmine method 
described above gives preparations that are adequate for the purposes of 
the present study. 

EFFECTS ON MITOSIS 

In the normally developing embryo at any given time different neuro- 
blasts are in different stages of mitosis. Following irradiation there is a 
rapid disappearance of middle prophase through telophase stages. At the 
end of one and a half hours, after 500 r, only interphases and early pro- 
phases are left. This cessation of mitosis persists for a period of time 
varying with the X-ray dosage. Anaphases first begin to reappear after 
about 3, 7, 17, and 22 hours following dosages of 100, 250, 750, and 1000 r, 
respectively. Additional data on this effect will be included in a later paper. 

The present study is based primarily on material fixed within a few 
hours of the end of the period of cessation, in order to obtain stages of the 
same mitotic cycle in which irradiation occurred. Since the mitotic cycle 
of the neuroblast requires at least two days, and probably often more, for 
its completion, alterations dealt with in the present paper are solely im- 
mediate effects. 

CHROMOSOME ALTERATIONS 

The findings of several investigators support the view that X-radiation 
may alter the chromosomes at any stage of the mitotic cycle. These 
changes are much more drastic, however, when the chromatin is diffuse, 
that is, in telophase through early prophase, than in stages in which it is 

* In view of the recent conclusion of Gustafsson (1936, 1937) that in plant root tips the fre- 
quency of chromosome X-ray effects increases with the increase in water content of the tissues, 
it seems important to remark that all eggs used in the present study were kept saturated with 
water for at least several days previous to treatment. 
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concentrated in ■well-formed late prophase, metaphase, and anaphase 
chromosomes. Mather and Stone (1933)1 White (1935)) Riley (1936), 
and Gtjstaesson (1936, 1937) found alterations in cells irradiated at 
interphase and early prophase stages. In addition Riley reported breaks 
produced in late prophase and metaphase chromosomes. Huskins and 
Hunter (1935) described chromosome and chromatid fragmentation and 
translocation in cells treated at telophase. 

. The chromosomes of mitotically active neuroblasts fixed within a few 
minutes after irradiation differ to some extent from normal, untreated 
ones, in late prophase sister chromatids appear to be very closely ap- 
proximated at intervals along their length, these places having the ap- 
pearance of constrictions. Metaphase chromosomes are longer than normal, 
exhibit severe constrictions, and show considerable twisting of sister 
chromatids about each other. Anaphase chromosomes appear joined to- 
gether distally, while proximally they are elongated and show unusually 
broad constrictions (fig. i). 

X-ray effects that have occurred between telophase and mid-prophase, 
as observed in cells fixed in the subsequent metaphase and anaphase 
stages, show not only chromosome alterations but also chromatid and 
what may be half-chromatid inequalities. No evidence of either increase or 
decrease in the number of spindle fiber attachments was found in any of 
the cells in which accurate counts could be made. 

In the following pages the term fragment is applied to a portion of a 
chromosome resulting from one or more breaks in an original chromosome 
and having no spindle fiber attachment. Either unaltered chromosomes or 
altered ones that have at least one spindle fiber attachment are referred to 
as chromosomes. 


I. Chromosome Fragmentation 

The fragments resulting from chromosome breakage are observable in 
the metaphase immediately following X-radiation. They are distinguish- 
able from chromosomes with spindle fiber attachments, which are arranged 
■with their kinetochores in an even circle and their distal ends extending 
outward, because they typically lie outside these chromosomes and have 
a less regular orientation (fig. 2). At early anaphase the “chromatids” 
of fragments, though lacking spindle attachments, separate at the same 
time as those of the chromosomes, which possess kinetochores. This 
separation may be complete or incomplete, but its occurrence proves con- 
clusively that the initial anaphase separation of chromatids is entirely 
independent of the kinetochore (Carlson 1938) and is probably autono- 
mous. A more complete account of the behavior of fragments during 
mitosis is now in course of preparation. 





Figukks 1-6 — Photographs of irradiated neuroblast chromosomes. Length of time after ir- 
radiation: figure I — about 3 min.; figure 5 — 12 lirs.; figures 3, 6 — 23 hrs.; figure 2—25 hrs.; figure 
4 — 166 hrs. Dosage: figures 2, 4, 5 — 250 r; figure i — ^500 r; figures 3, 6 — 750 r. Xnoo. 

FrcxjRE I, — Anaphase. Pronounced constrictions present immediately after irradiation. 
Ficm^ES 2, 3. — Metap bases. Fragments at periphery of cells. Note translocations in 
figure 3, one of which is shown in figure 16. 

Figuhe 4. — Anaphase. Very long translocated chromosomes. 

Figure 5. — ^Anaphase. Two V-shaped fragments in equatorial plane. 

Figure 6 — Late prophase. Chromatid translocation. For details see figure S, 
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The number of fragments per cell varies with the X-ray dosage. After 
125 r there are rarely more than three or four fragments per cell, and 
frequently none at all. On the other hand, after looo r there may be more 
than thirty fragments per cell and no cells lacking them entirely. Because 
fusion of fragments inter se and with chromosomes obviously occurs with 
much frequency, counts of independent fragments give no accurate in- 
formation of the actual amount of breakage originally effected by treat- 
ment, and so were not attempted. 

2. Chromosome Translocation 

The large number of chromosomes per cell and lack of morphologically 
distinguishing characters make impossible any attempt to determine the 
number and extent of the chromosome translocations involved after ir- 
radiation. 

Positive proof of translocation exists in the form of abnormally long 
chromosomes (fig. 4) and U-shaped chromosomes with two or more 
kinetochores (fig. 7) . The anaphase behavior of the latter depends on the 
orientation of the kinetochores on the spindle (Mather and Stone 1933; 
Hhsted 1936). If both spindle fiber loci of fused chromatids are directed 
toward the same pole, and the chromatids are not twisted about each other, 
a U-shaped daughter chromosome will move toward each pole (figs. 22, 
23). If there is a half -turn in the chromosome, however, so that the spindle 
fiber loci of each fused chromatid point toward opposite poles, the ana- 
phase configuration wiU have the form of two crossed chromatin bridges 
(figs. 24, 25). U-shaped chromosomes may persist as such, therefore, from 
one cell generation to the next, until they become oriented on the spindle 
with a half-turn from end to end. A delayed effect, resulting from the 
breakage of the crossed chromatin bridges and the subsequent formation 
of new attac hm ents at the broken ends, might appear, as a consequence, 
a considerable number of cell generations after irradiation. The ultimate 
fate of chromatin bridges is considered in detail in a later section. 

3. Chromatid Inequalities 

Neuroblast chromosomes fixed and stained by most methods have, at 
metaphase and anaphase, a homogeneous appearance that affords no 
evidence of internal structure. In aceto-carmine smears, on the other hand, 
chromosomes in these stages usually exhibit a lightly staining “matrix” 
containing darker-staining regions comparable to the chromatids of the 
prophase (compare figs. 8 and 9). The metaphase chromosome and frag- 
ment each contains two such parallel regions (figs. 2, 3, 9, 12, 16, 26, 27). 
The anaphase chromosome and fragment each shows one — it may be 
double — ^lying in the middle of the chromosome and extending from end 




FroxiRES 7-17. — ^Irradiated chromosomes with more than one spindle attachment as a result 
of translocations. Spindle attachment ends, except in figure 17, are directed toward bottom of 
page. Figure 8 is in late prophase; others in metaphase. Length of time after irradiation: figures 
13, 14— -lohrs.; figures 7, 1 $ — 12 hrs.; figures ii, 12 — 18 hrs.; figures 8, g, 10, 16 — 23 hrs. Dosage: 
figures I, 7, 8, 9—250 r; figure 5—500 r; figures 2, 3, 4, 6, 10—750 r. X247S* 

Figxjke 7. — Chromosome translocation. 

Figuees S-16. — Chromatid translocations. Figures 8 and 16 appear as photographs in 
figures 6 and 3, respectively. 

Figuee 17. — ^Diagram of chromosomes with different types of chromatid translocations, show- 
ing the possible distribution of their chromatids at anaphase. A (diagram of figure 9) will give 
combinations Ai and Aa or A3 and A4 at anaphase. B (diagram of figures 6 and 8) will give com- 
binations Bi and Ba or Ba and B4. CB, chromatin bridge. C, ‘‘chromatid” lacking spindle attach- 
ment. Knobs at ends of chromosomes and chromatids indicate positions of spindle attachments. 


to end (%s. s, i8, 28-31, 33-37). Although the appearance of these regions 
suggests that they are tightly coiled chromonemata, it seems best, until 
they have been examined after other treatment, to refer to them and the 
“matrix” around them non-committally as chromatids. 
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Hoskins and Hunter (1935) have demonstrated that some of the 
chromosomal constrictions so numerous in irradiated material are actually 
chromatid breaks. Certain X-ray induced constrictions present in my 
material appear to be the result of incomplete fusions of chromosomes, the 
ends of one chromatid of each chromosome having united and the other 
chromatids having remained unattached. A fragment of this type appears 
in figure 37. In the ensuing anaphase the distal portion of the interrupted 
chromatids will constitute a chromatid fragment (fig. 18 A). The non- 
corresponding constrictions exhibited by the daughter chromosome pairs 
shown in figures 18 A, 19, and 21 appear to be chromatid inequalities, but 
may possibly represent half-chromatid effects. 

A frequently observed type of chromatid inequality in my material is 
what may be called a chromatid translocation (figs. 3, 8-17), namely, the 
“lateral translocation” of Huskins and Hunter (1935), “reciprocal 
chromatid fusion” of White (1935), or “pseudobivalent” of Levan (1937). 
The fusion may give either of two configurations, (i) If the proximal 
portion of one chromatid of each of the two chromosomes involved is 
joined to the distal portion of the other chromosome, each of the four 
chromatids will have a single kinetochore (figs. 9, 17 A), and the configura- 
tion will resemble the cross-shaped diakinetic tetrad. At anaphase two 
chromatids will pass to each pole, the orientation of the kinetochores on 
the spindle determining whether both (fig. 17, Ai and As) or neither (A3 
and A4) of the daughter cells will get a complete complement of chromo- 
somes. (2) If the two proximal and the two distal portions are joined inter 
se at the point of breakage, the chromosome will consist of two unaltered 
chromatids, one chromatid with two kinetochores, and one with none 
(figs. 6, 8, 17 B). If the unaltered chromatids pass to the same pole (fig. 
17 Bi), the one with the two kinetochores will pass to the other pole (Bs) ; 
but if the former pass to opposite poles (B3 and B4), the kinetochores of the 
latter will also move toward opposite poles, thus forming a chromatin 
bridge (CB) . In each case the “chromatid” without a kinetochore (C) may 
pass into either of the daughter cells. Only one of these four possible 
daughter cells will possess a complete set of chromosomes, namely, the 
one into which the two unaltered chromatids pass. 

4. Half -chromatid Inequalities 

Nebel and Ruttle have concluded from observations of the somatic 
chromosomes of Tradescantia (1935, 1936) and Hordeum, Secale, and 
Crocus (1937) that doubling of the chromonemata occurs two generations 
in advance of their anaphase separation, so that from one anaphase 
through the next prophase each chromatid is composed of two chro- 
monemata or half-chromatids. I have found a few figures in my prepara- 



tions that seem very suggestive of half-chromatid effects, though none 
furnishes what I consider to be entirely convincing proof of the occurrence 
of such inequalities. This is due in part to the nature of this problem, itself, 
and in part to the fact that I have looked for these only in stages of the 
division immediately following irradiation, while the presence or absence 
of half-chromatid effects should be more readily detectable in the second 
division following irradiation. 

In figures i8 A, 19, and 21 are shown anaphase pairs of daughter 
chromosomes that were irradiated in the interphase or early prophase 
condition. They exhibit constrictions at non-corresponding places. That 
such constrictions are not comparable to the secondary constrictions 
normally present in untreated material of many different organisms is 
evident from the fact that, in the latter, sister chromatids are constricted 
at corresponding points. They may, however, be comparable to the con- 
strictions in metaphase chromosomes resulting from a break in one of the 
two chromatids (Hxjskins and Hunter 1935)1 but, because they occur in 
anaphase instead of metaphase chromosomes, they would represent, by 
analogy, half-chromatid breaks instead of chromatid breaks. 

One member of each of pairs A and B (fig. 18) displays a short region of 
abnormally small diameter. Comparison of the lengths of each of these 
with its sister chromosome suggests that the segment of small diameter 
has been inserted, its small size being due, perhaps, to the possibility that 
it is an inserted half-chromatid. 

The lower chromosome of pair A (fig. 18) and one “chromatid” of the 
fragment shown in figure 34 have small blobs of chromatin protruding 
from the side. Underneath each and corresponding to it closely in size is a 
lightly staining area. It seems not unlikely that each little blob may be a 
piece of a half-chromatid that has been “knocked out” of the central part 
of the chromatid, but has remained connected with it peripherally. 

CHROMATIN BRIDGES AND FRAGMENTS 
The fact that X-ray studies of Drosophila salivary gland chromosomes 
have as yet failed to disclose a single positive case of a termrual inversion 
has led many to hold that a broken end of a chromosome cannot exist as 
such, at least over the course of many cell generations, and that, therefore, 
if a single break occurs, it is somehow eliminated. It is generally assumed 
that some kind of unsatisfied attraction causes broken ends of chromo- 
somes to unite with one another. In the cell shown in figure 2 an original 
set of 23 chromosomes with 46 ends has been altered by irradiation to 
give a total of 26 chromosomes and fragments possessing together 52 ends. 
This and many other similar examples leave no doubt that new ends, 
whether of chromosomes or fragments or both, may be formed as a result 
of X-radiation, 
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My material suggests, however, that the presence of such new ends 
does not actually demonstrate the existence of new, unsaturated ends of 
gene strings. It appears, instead, that in these instances the broken ends of 
sister chromatids of chromosomes and fragments have fused inter se. This 
assumption makes understandable two classes of chromosomal forms ob- 
served at anaphase, namely, chromatin bridges and fragments of three 
kinds. 

A lagging at anaphase of certain daughter chromosomes and great at- 
tenuation of their distal ends to form chromatin bridges (fig. 18, D, F, J) 
result from failure of these ends to separate normally. It seems probable 
that the distal ends of the chromatids of such a chromosome are newly 
formed ends, which, unable to satisfy their attraction for broken ends of 
the chromatids of another chromosome, have fused with one another and 
tend to retain this union even at anaphase (fig. 38 CB). 

The chromatin bridges shown in figure 18 (D, F, J) and in figure 20 
may be expected to part at the site of the former break, so that equal 
daughter chromosomes with the same broken ends will pass into different 
daughter cells. If in the next ceU generation the broken ends of the sister 
chromatids are again fused, chromatin bridges will be formed anew. Such 
broken ends can certainly, therefore, be transmitted from one cell genera- 
tion to the next and may be supposed to persist in this manner from, cell 
generation to cell generation until one of the following events occurs, 
(i) The broken end may unite with the broken end of a fragment at some 
subsequent cell generation to produce a normally behaving translocated 
chromosome (the “delayed attachment” of Stabler 1932). This presup- 
poses that fragments may pass from parent to daughter cells, and this 
frequently occurs in these cells (Carlson 1938). (2) The broken end may 
unite with the broken end of another chromosome to form a U-shaped 
chromosome with two spindle attachments. The mitotic behavior and 
probable ultimate fate of these has been described above. (3) The broken 
end may eventually acquire the properties of a true end, and so the 
chromatids cease to fuse at their broken ends to form chromatin bridges. 
Such chromosomes will then become normally behaving chromosomes with 
terminal deficiencies. This possibility is suggested by the X-chromosome 
deficiencies described by Demerec and Hoover (1936) in Drosophila. 
(4) Sufficient genic material may be lost in the remnants of the chromatin 
bridge left outside the nucleus at the telophase of several succeeding 
divisions to produce a deficiency that is lethal to the cells. (5) The point 
of breakage of the chromatin bridge does not always occur at the same 
place, that is, at the point of chromatid fusion (fig. 18 E, 21), so that a de- 
ficiency is produced in one cell and a duplication in the other. Either or 
both may be cell lethal. The importance of any of these changes from the 
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genetic aspect will, of course, depend on whether or not the cell survives 
them; for, if it does not, the altered chromosomes will be lost with the cell. 

Chromatin bridges have been observed in a number of different organ- 
isms in the first meiotic anaphase. They have been interpreted as chroma- 
tids with two spindle fiber loci resulting from crossing over in the inverted 



FiotTEES 18--25. — Anaphase separation of daughter chromosomes following irradiation. 
Length of time after irradiation: figures 19, 21 — 12 hrs.; figure 20 — 22 hrs.; figure 18 — 23 hrs.; 
figure 24— “47 hrs.; figure 22—75 hrs.; figure 25 — 119 hrs.; figure 23 — 143 hrs. Dosage: figures 
18, ig, 21-25—250 r; figure 20—500 r. X1585. 

Figuee 18. — Complete set of anaphase chromosomes and fragments. A and B, chromatid or half- 
chromatid (?) inequalities. C, G, H, fragments. D, E, F, J, chromatin bridges. 

Figure 19. — Chromatid or half-chromatid (?) inequality. 

Figure 20. — Chromatin bridge. 

Figure 21, — Chromatid or half-chromatid (?) inequality and chromatin bridge. 
Figures 22-25. — ^Types of separation of chromosomes with two spindle attachments. 


portion of chromosomes in inversion heterozygotes. In the microspores 
studied by Husted (r936) and in my material, however, another explana- 
tion has been necessary to account for these chromatin bridges, since 
synapsis and crossing over cannot have been involved. To sum up, the 
conclusion seems justifiable that the chromatin bridges in my material 
have arisen in three different ways: (i) from chromsome translocation, 
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(2) from chromatid translocation, and (3) from fusion of sister chromatids 
at their broken ends. 



33 34 35 36 37 32 
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Figures 26-38. — Autonomous separation of "chromatids” of X-ray produced fragments, 
which lack spindle attachments, Length of time after irradiation: figures 27-32, 35, 36 — 12 hrs.; 
figure 26 — 13 hrs.; figures 33, 37 — 21 hrs.; figure 34 — 23 hrs. Dosage : figures 26-32, 35, 36 — 250 r; 
figures 33, 34, 37—750 r, X247S. 

Figure 26. — ^Metaphase fragment. 

Figure 27, — Early anaphase. Beginning of separation of "chromatids” except at one end. 

Figures 28-32.— Middle anaphase, V-shaped fragments resulting from "chromatid” 
separation except at one end. See figure 38 B. 

Figures 33-35. — Anaphase. Ring-shaped fragments resulting from separation of "chromatids” 
except at both ends. See figure 38 A. 

Figures 36, 37. — Anaphase. Complete separation of "chromatids” to give two rod-shaped 

fragments. See figure 38 C. 

Figure 38. — Diagram showing types of breakage and fusion that lead to formation at ana- 
phase of chromatin bridges (CB) and fragments having the form of V^s (B), rings (A), and double 
rods (C), Knobs at ends of chromosomes and chromatids indicate location of spindle attachments. 

During early anaphase the chromatids^’ of fragments may behave in 
any of three different ways^ (Carlson 1938). First, they may separate 

® This classification does not include the small spherical fragments that are present in most cells 
after treatment. 
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except at one end to form a V (figs. $, 27-32). Second, they may remain 
connected at both ends and separate centrally to form a ring (figs. 33 - 3 S)- 
Third, they may separate completely to form two rods lying side by side 
(figs. 36, 37). The fact that the “chromatids” of fragments, which lack 
kinetochores, begin to separate with the advent of anaphase, at the same 
time as the chromosomes with kinetochores, indicates that separation is 
an intrinsic character of the chromosome. Their tendency to remain 
attached frequently at either one or both ends, however, points not only 
to some fundamental difference in the ends as compared with the central 
parts of the fragments, but also to differences in the ends of the fragments. 
A given fragment end may be either the original end of the chromosome 
of which it was once a part, or a new one created in the breakage of the 
original chromosome at that point. The “chromatids” of a terminal frag- 
ment would be expected to fuse with one another at their broken ends. At 
anaphase these ends would remain fused, as the opposite true ends sepa- 
rated, to give a V-shaped fragment (fig. 38 B). Fusion would be expected 
to occur at both ends of an intercalary fragment, and the retention of this 
union after the central portion of the “chromatids” had separated would 
give the ring-shaped anaphase fragment (fig. 38 A). Finally, if a given 
fragment were the result of fusion at the broken ends of the terminal 
fragments of two original chromosomes, the remaining ends would be 
true ends, and so the “chromatids” would be expected to separate com- 
pletely at anaphase to form two distinct rods (fig. 38 C), V’s are the most 
abundant type. Next in frequency are the two rods. Rings occur only 
rarely at dosages below 500 r, but frequently at 750 and 1000 r. 

In figure 18 three fragments (C, G, H) and four chromatin bridges 
(D, E, F, J) appear. According to the above hypothesis they would be 
explained thus. Fragments G and H are assumed to represent the true 
ends of two of the chromosomes connected by bridges. Fragment C is 
separating as two rod-shaped chromatid fragments. Both ends are, 
therefore, true ends, having resulted from the fusion, at their broken ends, 
of two distal fragments from the other two chromosomes with bridges. 

Upcott (1937) and Basbeb. (1938) have reported chromatin bridges in 
microspores lacking fragments. The latter has shown, however, that aging 
of the pollen somehow causes a fusion of true ends of sister chromatids. 

DISCUSSION 

Time of chromosome doubling. The conclusions of different cytologists 
regarding the time of doubling, or splitting, of the chromosomes have 
recently been summarized by Gustaesson (1936) and Kaufmann (1936). 
Views range all the way from doubling in the late interphase or early pro- 
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phase immediately preceding anaphase to doubling in the prophase one 
mitotic cycle in advance of anaphase separation. Most of the chromosomes 
on which my results are based were probably in late interphase or early 
prophase at the time of X-radiation, and both chromosome and chromatid 
effects were produced. If the half-chromatid effects suggested by my 
material are valid, doubling has occurred in the late interphase or early 
prophase one mitotic cycle in advance of anaphase separation of the units 
thus formed. If one disregards these, however, there remains no important 
evidence bearing on this problem. 

Mechanism of chromosomal change. According to the hypothesis proposed 
by Serebrovsky (1929) X-rays effect structural changes in the chromo- 
somes by causing fusions of different chromosomes or different parts of a 
single chromosome, which is followed by breakage in a different plane. 
The proposal of Stabler (1932) is just the reverse of this; fusion is sup- 
posed to follow breakage rather than precede it. If it may be assumed that 
in either hypothesis the first occurrence conditions the second, an increase 
in the total number of chromosomal elements, namely, chromosomes and 
fragments, which is invariably the situation in cells showing any effects 
at all, seems to support the concept of breakage preceding fusion. In none 
of the affected cells in my material is there any decrease in the number of 
chromosomal elements, which would result if there were a predominance 
of fusion over breakage. Another difficulty of the Serebrovsky hypothesis 
is its dependence on close proximity or contacts between chromosomes at 
the time of effective irradiation, that is, between late telophase and early 
prophase. This requirement may be realized in many types of cells. The 
grasshopper neuroblast, however, is an unusually large cell, containing a 
large lobed nucleus with a central cytoplasmic core. The ends of three or 
four of the longer chromosomes extend distally into each of five or six 
lobes. Contacts between different chromosomes, therefore, are con- 
siderably limited. It seems improbable that a sufficient number of contacts 
could exist between these chromosomes at the time of irradiation to ac- 
count for the complex fusion configurations present in many of these cells 
after treatment with 1000 r, unless it is assumed that treatment, itself, 
causes extreme movement of the chromosomes with the establishment of 
new contacts as treatment progresses. Of particular interest in this con- 
nection is a questionable translocation involving the X-chromosome and 
an autosome in figure 15 of White’s 1935 paper on Locusta. The X 
chromosomes of many Acrididae, and, therefore, probably of Locusta, lie 
in vesicles apart from the other chromosomes from telophase through late 
prophase. The irradiation bringing about this translocation doubtless 
occurred during this period (this cell was fixed 17 hours after treatment). 
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and breakage could have occurred at that time. Fusion with the autosomal 
piece must have occurred subsequently, however, after the disappearance 
of the membrane of the vesicle at late prophase. 

SUMMARY 

The neuroblasts of grasshopper embryos treated with loo, 125, 250, 
500, 750, and 1000 r suffer a cessation of mitosis for a period of time pro- 
portional to the dosage. 

Cells irradiated between telophase and early prophase show, in succeed- 
ing stages of the same mitotic cycle, chromosome fragmentation and trans- 
location, chromatid breakage and translocation, and what may be half- 
chromatid effects. 

Chromatin bridges at anaphase appear to result from any of three dif- 
ferent alterations: (i) chromosome translocation, (2) chromatid trans- 
location, (3) fusion of sister chromatids of the proximal portions of 
fragmented chromosomes at their broken ends. 

Chromatin bridge formation and the persistence of broken ends of 
chromosomes from one cell generation to another makes possible delayed 
reattachments following irradiation. 

The early anaphase separation of chromatids, judged on the basis of 
the behavior of fragments lacking spindle attachments, is entirely in- 
dependent of the kinetochore, and so is probably an autonomous function 
of the chromosome. 

An hypothesis is suggested to account for three different forms, namely, 
V^s, rings, and rods, which ‘^chromatids” of these fragments assume as they 
begin to separate at early anaphase. 

Certain evidence suggests that chromosomal change is effected by fusion 
following, rather than preceding, breakage. 
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I N THE fall of 1936 the first two authors began a series of experiments 
to determine the frequency of minute inversions in material treated by 
X-rays. Before long it was realized that the frequency of such inversions is 
very low and that a reliable analysis would involve such technical dif- 
ficulties that it would require a great deal more time than was available 
to the authors. Therefore, the original plan was revised and a new experi- 
ment started to determine the relation between X-ray dosage and the 
frequency of chromosomal breaks, the distribution of breaks along the 
chromosomes, and related problems. Subsequently when the experimental 
part of the problem was well under way the third author j’oined in the 
work. 

The first author is responsible for the cytological analysis of the major 
portion of the female material, the second author was in charge of breeding 
and X-raying work and helped with the cytological analysis, and the third 
author is responsible for the cytological analysis of all male material and 
of a portion of the female data where Swedish-b females were mated with 
treated Oregon-R males. Permanent preparations of 1765 pairs of salivary 
glands were used for this study. Slides were prepared by Mr. Herschel 
Roman, Miss Ruth Bate, and Miss Eunice White, to whom the authors 
wish to express their appreciation. 

When this manuscript was ready for press a paper by Catcheside 
(1938) appeared describing some of his results obtained in experiments 
identical with ours. Many conclusions reached by Catcheside are identi- 
cal with our conclusions. 

MATERIAL AND METHODS 

The bulk of the data reported here was obtained from experiments in 
which inbred Oregon-R wild type stock was used. However, before this 
experiment was completed a female sterility factor appeared in the stock 
and to avoid difficulties connected with sterility, females of an inbred 
Swedish-b wild type line were used in later experiments. In the chart 
(fig. 1) showing the relationship between X-ray dosage and effects, the 
data from Oregon-R females are presented separately because differences 
may exist in the genetic constitution of the females used. In analyses of 
other problems such differences would probably be unimportant and, 

Gensiws 23: 610 Nov. 1Q38 
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therefore, data from the two sets of experiments were considered together. 
The X-ray treatment was given to males and they were of the Oregon-R 
line in all experiments. 

The X-ray radiation was applied by an Universal Type Coolidge tube, 
with a tungsten target, at 85 kilovolts and 7 milliamperes. The X-ray 
dosage was measured by a Fricke-Glasser dosimeter, manufactured by the 
Victoreen Instrument Company. In this work a 1/20 cubic centimeter 
graphite chamber was used by which the total dose applied was measured. 

The study was made on salivary gland chromosomes of Fi offspring from 
matings between untreated females and treated males. In all cases perma- 
nent preparations were made following in general the alcohol-euparal 
method outlined by Bauer (1936). One individual was available in each 
instance and in a great majority of the cases that material was sufficient 
to complete the analysis. 

All chromosomal rearrangements were analyzed and breakage points 
determined within the limits of at least one division of Bridges’ (1935) 
map. Small deficiencies involving one division or less were disregarded 
since they arc easily missed in the material available in these studies. 
There are, however, two types of rearrangements not readily detectable 
by the method used, namely inversions and reciprocal translocations with 
both breaks within heterochromatic regions. Frequently unpaired basal 
sections may be found in non-corresponding chromosome limbs (for ex- 
ample, 2L and 3L) and this may be taken as evidence of such reciprocal 
translocation. As, however, the closeness of pairing may differ in different 
individuals, the possibility of detecting such cases is not always granted 
and their partial inclusion may lead to errors. As there is no reason to sup- 
pose that rearrangements of this type behave differently than other re- 
arrangements, they have been omitted completely. 

It has not been possible to determine the exact break number in all 
cases. In one type of altered sperm the aberration consists in the trans- 
position of the nucleolus to a new place somewhere on the chromosome 
limbs. This probably represents an insertion of the nucleolus-bearing 
heterochromatic segment of the X or Y chromosome in another position, 
demanding three breaks (Kauemann 1938). Another type of configuration 
shows a terminal segment of one of the chromosomes attached to the 
chromocenter. In sperms having the Y chromosome such configurations 
have usually been analyzed as translocations involving that chromosome. 
In sperms having the X chromosome the rearrangement possibly repre- 
sents a translocation involving those proximal ends of the X or fourth 
chromosomes which correspond to a second “limb” separated from the 
main body by the spindle fiber attachment as described by Kauemann 
(1934). On the other hand, it cannot always be excluded with certainty 
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that such cases represent translocations to chromocentral regions of the 
larger autosomes. These types’ of changed sperms have been counted as 
2-break cases. In other larvae the complete determination of all breaks 
has not been possible, due to too few clear nuclei, and partly to the com- 
bination of changes of the unanalyzable type with other rearrangements. 
These have been classified for the lowest certain break number. In table i 
they have been registered in brackets behind the total numbers of cases in 
the respective classes. 

ANALYSIS OF RESULTS 

Number of breaks . — ^The number of breaks per changed sperm varies 
from 2 to 13. No case has been found with one break only which would 

Table i 


Number of sperms with chromosomal aberrations. 


NUMBER or BREAKS 

1000 r 

2000 r 

3000 r 

4000 r 

5000 r 

2 

8 

16 (i) 

128 

3 fi 

47 f 3 ) 

3 

3 

4 

22 (i) 

8(r) 

9 

4 


3 

2S (2) 

12 

14 (i) 

5 

— 

I 

8(1) 

I 

9 (i) 

6 

— 

— 

5 

2 (i) 

2 

7 

— 

— 

I 

— 

4 (i) 

8 

— 

— 

— 

1 (i) 

I 

9 

— 

— 

I (i) 

I W 

— 

10 

— 

— 

I 

— 

— 

Undeterminable 

I 

— 

2 

I 

I 

Total 

12 

24 

193 

64 

87 

Normal sperms 

319 

253 

532 

151 

130 

Grand total 

331 

277 

725 

215 

217 

% sperms with chromosomal 

aberrations 

3-63 

8.66 

26.62 

29. 8 

40.09 

S. E. 

±1.03 

±1.69 

±1.64 


± 3-33 

Breaks per changed sperm 

2.250 

2.542 

2.704 

2.875 

3,3:26 

S, E. 

±0.125 

±0.177 

±0.092 

±0.180 

±0.164 

% breaks per total of sperms 

8 . 1 S 7 

22.022 

72 .000 

85.581 

125*346 

S. E. 

±0,024 

±0.045 

±0.051 

±0.105 

±0.123 


produce a terminal inversion or a terminal translocation to an unbroken 
end. Short terminal deficiencies, which might have been viable, have not 
been observed either. A special experiment was performed crossing 
Oregon-R males treated with 3000 r-units to attached-X females and 
studying tripIe-X female larvae. In addition to the treated X chromosome 
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such larvae had two untreated ones so that any terminal deficiency induced 
by treatment would be able to survive. Among 124 larvae examined, none 
carried a terminal deficiency. 

Relation between dosage and frequency of breaks. — The relation between 
the dosage and the percentage of sperm with chromosomal aberrations 
was determined for 1000 to 5000 r-units at 1000 intervals. A summary of 



Fkuirk X. -Relation between dosage and the percentage of altered sperm. 
Arrow tips indicate double values of standard errors. 


these data is given in table i. In this summary is included material from 
all experiments, namely from females and males with both parents Oregon- 
R, as well as from females and males of which the female parent was 
Swedish-b and the male parent Oregon-R. These three sets of data are 
separated in the graph shown in figure i . In this figure the relation between 
the dosage and the percentage of altered sperm is shown graphically. The 
arrow points on this chart indicate the values of double the standard errors. 
The curve resembles an S-shaped curve, being steepest in the interval be- 
tween 2000 and 3000 r-units. Although the standard errors are still high, 
the observed values show a significant deviation from a linear proper- 



014 HANS BAUER, M. DEMEREC AND B. P. KAUFMANN 

tionality obtained in experiments where the frequency of lethals was used 
as a criterion. Since this is the first occasion in an extensive X-ray experi- 
ment that a deviation from linear proportionality is observed, it might be 
well to wait for confirmation of these results before passing a final judg- 
ment as to the significance of this finding.* It is evident from the chart 
shown in figure i that the 3000 r-units point is the only one significantly 
upsetting the straight line arrangement. It might well be that some un- 
controlled experimental factor is responsible for the unusual position of 
that point. 



The relation between the dosage and the total number of breaks ob- 
served is shown graphically in figure 2. The curve rises steeply between 
2000 and 3000 r-xmits and there seems to be no decrease at the highest 
dosages, although larger numbers would be required to prove this point. 
These data also show no linear relationship between the dosage and the 
effect. 

The data summarized in table i show that with the increase in dosage 
the proportion of changed sperm increases rapidly. These data indicate 
also a similar relationship for the average number of breaks per changed 
sperm. For example, among the changed sperm treated with 1000 r-units, 
2.25+0.13 breaks per sperm were observed while among such sperm 

1 Note added in proof: In a pap« just publidied, Sax (1938) has found a sunilar dispropot- 
tionaiity between dosage and observed breaks in irradiated chromosomes of Tradescantia. 
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treated with 5000 r-units, 3.1310.16 breaks per sperm were found. The 
data show a trend of increase in the frequency of multiple breaks with in- 
crease in dosage, although their absence at low dosages may possibly be 
due to the low number of total breaks observed in these groups. 

Distribution of breaks among chromosomes. — The frequency with which 
the single chromosomes and single chromosome limbs take part in the 
breakage processes is summarized in table 2. The frequency of X and Y 


Table 2 

Break percentage and chromosome length. 




BREAKS XN 

TOTAL 

BREAKS IN 

AUTOSOMES 

BREAKS 

INX 

SPERMS 

SALIVARY GLAND 

MITOTIC 

META- 

PHASE 

NO. LENGTH 

BANDS 

(bridges) 

GONIAL NEURO- 

(gowen cytes 

& GAY ) (combined 

data) 

X SPERMS 

Y SPERMS 

n 

% 

n 

% 

n 

% 

% 

% 

9i 

) 

% 

% 

2L 

142 

i 8.,3± t.4 

43 

16. 4 ± 2.3 

185 

17.7 



17.8 











38.7 

37-3 


37.9 

32.2 

38.5 

2R 

13 B 

20..1± I.S 

77 

29. 4± 2.8 

23s 

22.5 



20.1 




3L 

161 

20.7d" I. S 

35 


196 

18.8 



18.3 











39. s 

40-9 


42.0 

40.9 

38.8 

3H 

146 

i8.8± X.4 

58 

22.1± 2.6 

204 




23.7 




4 

XX 

i.4i:o.4 

5 

i.0±o.8 

16 

X.s 

x.4 

1.3 

1.4 

1.4 

4.x 

2.0 

X 

IS8 

20,4±I.S 





20.4 

20.5 

18.7 

18.7 

22.8 

22.7 

Y 



44 

x6.8±2.3 










breaks can be determined in only one class of larvae, namely X breaks in 
females and Y breaks in males. The breaks in autosomes are obtained from 
both types of larvae. Since autosomes represent approximately 8o percent 
of the total length of all chromosomes, the percentages of breaks for auto- 
somes was calculated on that basis. The five long strands of the female 
larvae show approximately the same frequency of breaks, which also 
seems characteristic for the Y chromosome (Kaotmann and Demeeec 
1937). A comparison between the number of breaks and the number of 
bands in salivary chromosomes, length in salivary chromosomes, and the 
length in mitotic metaphases indicates a general agreement for all com- 
parisons, although the correspondence is better in the case of salivary 
chromosomes. 

Distribution of breaks along chromosomes , — The distribution of breaks 
along the chromosomes is given in tables 3 and 4. The positions of breaks 
have been determined within the limits of the divisions indicated on 
Bridges’ (1935) maps. In table 3 data are arranged according to divisions, 
and in table 4 according to the number of breaks found in them. Cases in 
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Table 3 

DisMhutim of breaks along the chromosomes (sfa stands for spindle-fiber attachment region). 


DIVISION 

n 

DIVISION 

n 

DIVISION 

n 

DIVISION 

n 

1 

10 

21 

II 

61 

19 



2 

7 

22 

II 

62 

12 



3 

7 

23 

9 

63 

7 



4 

S 

24 

5 

64 

16 



s 

8 

25 

9 

6s 

II 



6 

6 

26 

12 

66 

II 



7 

9 

27 

6 

67 

17 



8 

8 

28 

6 

68 

7 



9 

8 

29 

10 

69 

7 



10 

4 

30 

9 

70 

6 



II 

12 

31 

6 

71 

9 



12 

13 

32 

8 

72 

6 



13 

5 

33 

10 

73 

4 



14 

II 

34 

8 

74 

2 



15 

3 

35 

13 

.75 

13 



16 

2 

36 

10 

76 

6 



17 

I 

37 

3 

77 

7 



18 

5 « 

38 

3 

78 

3 



19 

9 

39 

7 

79 

6 



20 

25 

40 

29 

80 

27 

sfa 


sfa 

sfa 


sfa 





41 

48 

8r 

23 

lOI 

9 



42 

20 

82 

7 

102 

7 



43 

7 

83 

6 





44 

12 

84 

6 





45 

7 

85 

12 





46 

8 

86 

12 





47 

10 

87 

11 





48 

5 

88 

10 





49 

10 

89 

9 





SO 

11 

90 

10 





51 

9 

91 

5 





52 

8 

92 

9 





53 

II 

93 

B 





54 

4 

94 

17 





55 

10 

95 

5 





56 

14 

96 

16 





57 

7 

97 

8 





58 

2 

98 

12 





59 

16 

99 

6 





60 

16 

100 

12 




which it was impossible to detennine the position of a break with reason- 
able accuracy have been omitted from the list. 

There have been found from i to 48 breaks per division. The distribution 
of break frequencies (table 4) approximates a typical variability curve 
except for divisions adjacent to the spindle-fiber attachment. These di- 
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visions are partially or totally heterocliromatic, and all except the loi 
region of the fourth chromosome show high break frequencies. The values 
for the euchromatic divisions indicate in general a uniform distribution of 
breaks. The value of P for the X chromosome calculated by the method 
is 0.0$. 

In evaluating this and the following tables, it should be kept in mind 
that the division by Bridges is not based on actual size units. The same 


TABtE 4 

Distribution of breaks along the chromosomes. (Heterochromatic divisions are in italics.) 
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FEMALES AND MALES: 
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number of breaks in two different sections, therefore, may be caused either 
by actual equality of size, or in case of inequality by preferred breakage 
in the shorter section. It is difficult to correlate the data on breaks with the 
size of the different sections because the maps of Bridges are not com- 
pletely true to the actual size relations. Some chromosome regions have 
been relatively overstretched (for instance the middle part of 3R). Never- 
theless, there is some indication of preferred breakage of some regions. 
As seen in table 4, the terminal sections of all chromosomes fall in break 
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Table 5 

frequency in distal sections. 



DIVISIONS 

NO. 

fipREAJKS 

PERCENTAGES OF TOTAL 

EUCHROMATIC LIMB 

RATIO 

“ BREAKS ^ LENGTH 

BREAKS 

BANDS 

LENGTH 


X 

1-2 

17 

12.78 

9.98 

9.44 

1. 35-1 

2L 

21-22 

22 

14.10 

8.77 

9.28 

1.52:1 

2R 

59-60 

32 

17. II 

11.16 

10.23 

1.67:1 

3L 

61-62 

31 

18.34 

11.84 

II- 3 S 

1 .61 :i 

3R 

99-100 

iS 

9.94 

7.20 

7.06 

1.40:1 


classes above the average value. This exceptional behavior is still more cm- 
phasized by checking the cytological length of the sections all of which are 
shorter than the average. Table s gives the values of break percentages 
and length relations for aU terminal regions (two terminal sections in each 
case) as compared with the respective euchromatic chromosome limbs 
(sections i— 19 and the comparable ones in the autosome limbs). The ratio 
between break number and length which should be i in case of completely 
even distribution of breakSj however, is in all cases around 1.5. Though 
none of the values is statistically significant, the general trend in all 
chromosomes is cleat and speaks in favor of preferred occurrence of 
breaks in the most distal chromosome parts. 

The other exception is the high break number of the proximal sections 
except in chromosome 4. The cause of this higher break frequency may be 
(i) an inherent property of these regions to break more easily than 
euchromatic parts, or (2) a different coiling state of the chromonema as 
compared with that in euchromatic parts. The first possibility is based on 
the assumption that the salivary gland chromosomes represent completely 
uncoiled chromonemata. The comparison between the break numbers and 
the relative length of heterochromatic parts in mitotic metaphase (table 6) 
shows a good correspondence between break number and heterochromatin 


Tabm: 6 

Comparism frequency of breakage and mitotic length in heterochromatic 
regions of X and aviosomes. 



PERCENTAGE OF 

BREAKS 

ESTIMATED PERCENTAGE OF LENGTH 

OF CHROMOSOME 

METAFHASE 

SALIVARY 

X 


33*3 

3 

2 

18.3 

16.6 

5 

3 

12.5 

I 2 -S 

5 
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Table 7 

Distribution of multiple breaks among the chromosome limbs. 


NO. DISTRIBU- 

breaks TION 

NO. 

OP CASKS 


PER CENT 


P 

OBSERVED 

EXPECTED 

9 9 

d’ef 

TOTAL 

9 9 

9 9 SErf'd’ 


2 r, I 

97 

47 

X 44 

61.78 

65.16 

80 

less than 

2 

Oo 

r? 

77 

38.22 

34.84 

20 

O.OI 

3 I 

2 

6 

8 

7.41 

19.51 

48 

less than 

2,1 

20 

8 

28 

74.07 

68.30 

48 

0.01 

3 

5 


5 

18.52 

12.19 

4 


4 2,I,T 

19 

5 

24 

47-50 

48.00 

57-6 


I, I, 1 , I 

6 

4 

10 

15.00 

20.00 

19.2 

0.14 

3 , I 

6 

— 

6 

15.00 

X2.0O 

12.8 


2, 2 

9 

I 

10 

22.50 

20.00 

9.6 


4 


— 

— 

— 

— 

0.8 


5 2, T, I, I 

2 

X 

3 





2, 2, T 

4 

2 

6 





3, 2 

6 

— 

6 





6 2, 2, r, 1 

5 

r 

6 





3 , I; I 


I 

I 





4 , 1 , I 

I 

— 

I 





7 3 , 2, I, I 

1 

I 

2 





4 , I, I, I 

— 

I 

I 





3 , 2 r 2 

I 

— 

I 





8 6, 2 

t 

— 

I 





Unanalysable 

26 

— 

26 





Alterations involving 








the 4th chromosome 

IS 

3 

18 






length for the two autosomes, while the break number in the X hetero- 
chromatin is considerably lower. Of course, it must be realized that the 
determination of heterochromatic breaks may be incomplete, because, as 
stated above, not all intraheterochromatic rearrangements are recogniz- 
able by our method. 

Distribution of multiple breaks . — Regarding the distribution of multiple 
breaks among different chromosomes, another exceptional behavior is 
revealed. Leaving aside chromosome 4, chance distribution of two breaks 
among five chromosomes with equal average break frequency (the limbs of 
the long autosomes have been dealt with as separate chromosomes) would 
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result in 20 percent of inversions (both breaks in the same chromosome) 
and 80 percent of translocations (both breaks in different chromosomes). 
In case of 3 breaks similar calculations give 48 percent of cases with 3 
breaks in 3 different chromosomes, 48 percent of cases with 2 breaks in 
one and i break in another chromosome, and only 4 percent with all 3 
breaks in one chromosome. These data can be derived from the formula 

Table 8 

Distance of break points in inversions and translocations (2 break cases only). 


REARRANGE- 
MENTS IN 

EUCHROMATIC 

REGIONS O 


BREAK DISTANCE IN DIVISIONS 


3 4 5 6 7 8 9 10 ri 12 13 14 IS 16 17 iS 


NO. OF 
CASES 


P 


Inversions 

Observed 


3 s 6 64 74 I 44 — — i — 2 — I — I 


20 


16 


8 


3 


2 


Expected 16.5 14-0 10.3 5.7 t,6 

Translocations 788 io 73436S47SSi 131 — 

Observed 

33 17 22 12 4 

Expected 2Q.7 26.8 18.3 10.2 2.8 


Totals S3 33 30 IS 6 

Observea 

Expected 46.2 41.7 28.8 13 p 4.4 


40 o 61 


88 0.25 


137 0.4S 



01234s 

678 

9 10 11 12 13 14 

15 16 17 18 

Totals 

Observed 

Expected 

10 13 14 16 II 10 

0 

00 

947653 

I 4 I I 

64 

57.7 

41 

46.9 

25 

23-3 

7 

7-r 


(a+b+c+d+e)“, a to e representing the five chromosomes in percent 
of the length (or break probability) of the chromosome set, n indicating 
the munber of breaks. In our case the small autosome may be disregarded 
for sake of simplification and the five long strands may be taken as equal 
in length and breakability. The actual values vary from 17.7 to 22.5 
(table 2). These differences from the assumed equality in break frequency 
are too small (giving about o.i percent deviation from the ratio 80:20 
in 2-break cases) to affect the calculations. In table 7 all data are sum- 
marized according to the distribution of the breaks among the chromo- 
somes. The first vertical column classifies breaks according to numbers 
observed in single nuclei, the second column subdivides these classes ac- 
cording to their distribution among chromosome limbs, namely i, i in the 
2-breaks class signifies that each of the two breaks observed in these 
nuclei occurred in a different limb of the chromosome set, while 2 signifies 
that both bre^s occurred in the same limb. Other columns of that table 
show frequencies of various classes. 
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In the cases with 2, 3, and 4 breaks the data indicate that the observed 
distribution does not agree with expectation. In all these cases the least 
probable combinations occur with high frequencies. The same holds true 
for cases with higher break numbers for which data are not sufficient to be 
expressed in percentages, h'or instance, the only fully analyzable case with 
8 breaks has an exp(.‘clation frequency of less than 0.1 percent. That the 
observed freciucmcitis differ significantly from the expected distribution is 
shown in the last columns which give the probabilities with which such 
distributions would be expected to occur by chance. 


Table 9 

Distribution of types of rearrangements. 


NUMBER IJE 

BREAKS 

COMBINATION ■ 

OR BREAKS 


DOSE XN r UNITS 


TOTAL 

TOOO 

2000 

3000 

4000 

5000 

OB- EX- 

SERVED PECTED 

4 

2“h2 

— 

3 

17 

TI 

9 

40 

9-5 


4 

— 

— 

6 

t 

3 

10 

40.5 

s 

2+3 

-■ 

J 

6 

T 

S 

13 



S 


““ 

1 

— 

r 

2 


6 

2+2+2 



2 

— 

I 

3 



3+3 



X 


— 

’ I 



2+4 

— 

— 

2 

I 

I 

4 


Higher numbers and 

0 








unclear cases 


I 

I 

9 

s 

10 

26 



Distance between breakage points . — In table 8 data are arranged to show 
the length of inversions and the distance between breakage points in 
translocations expressed as the difference of length from the breakage 
point to the spindle liber attachment. In this summary, two-break cases 
only have been included, as it is possible that higher breaks within one 
sperm would obscure the results. Cases in which one break occurred within 
the heterochromatic region were omitted since the possibility is not ex- 
cluded that the true relationship between lengths in heterochromatin and 
euchromatin might be different than expressed in salivary chromosomes. 
The top line in table 8 indicates classes expressed in divisions of Bridges’ 
(193s) B'la-P of distance between two breaks. In the other columns are given 
the observed frequencies for each class and for groups of four classes to- 
gether with the expected frequencies for four class groups. At the lower 
end of the table, classes are summarized in groups of five in order to in- 
crease the number of cases in each group. Probabilities (P) calculated by 
the X® method show a rather good correspondence between observed and 
expected values, indicating that two breaks in euchromatic regions occur 
at random, namely independently of each other. 
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Distribution of types of rearrangements. — If random combination takes 
place between all break ends, some of the rearrangements will simulate 
simultaneously occurring independent rearrangements. For instance, four 
breaks will give a certain number of cases with two independent inversions 
or translocations among the majority which represents complicated ex- 
changes involving all eight break ends. The ratio between both these types 
(2-t-2 and 4) is different with different distribution of the breaks among 
the chromosomes, due to differences in the number of viable recombina- 
tions. If the breaks have occurred in four different limbs (i, i, i, i), the 
ratio 2-l-2;4 will be 3:6. In 2, i, i-cases it will be 3:14, and in the other 
combinations (2, 2; 3, i; and 4) 3:22. A test of our data (table 9) shows 
that the actual relation between single complicated and multiple inde- 
pendent rearrangements is just the reverse. In all break classes the cases 
with several independent rearrangements, each with 2 or 3 breaks only, 
overweigh by far. No clear 6-break case has been found representing a 
simultaneous rearrangement among all break ends. In table 9 the expected 
values are calculated for 4-break distributions only, since the data in 
other cases are not large enough to warrant such calculations. 

Rearrangements and contact points. — In order to consider the mechanism 
through which various observed rearrangements may be accomplished. 


Table io 

Analysis of the rearrangements in terms of the ^contact hypothesis 


DOSAGE IN 

r UNITS 


NUMBER, OP “contact POINTS” 

REQUIRED 



2 

3 

4 

5 

6 

7 

8 

1000 

8 

3 

— 

— 

— 

— 


2000 

23 

6 

— 

— 

— 

— 

— 

3000 

171 

27 

8 

r 

— 

— 

I 

4000 

67 

9 

2 

— 

— 

— 

— 

5000 

77 

19 

6 

I 

i 


— 

Totals 

346 

64 

16 

2 

I 

— 

X 


80. s% 



19-5% 





it is helpful to determine the number of strands which should be in contact 
at one point, provided such a condition is essential that recombinations 
between strands in contact may occur. In table lo data are summarized to 
show the number of contact points. The first line of that table gives classes 
indicating the number of strands required to be in contact at one point in 
order that certain observed rearrangements may be accomplished. In the 
other part of the table observed frequencies for different classes are listed* 
It is evident that in 19,5 percent of the cases more than two strands would 
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be required to be in contact and one case has been analyzed in which a 
contact of eight strands would be required to furnish the observed re- 
arrangement. 


DISCUSSION 

The possible mechanisms of the origin of induced chromosomal re- 
arrangements have been discussed by several authors, notably Sere- 
BROVSKV (1929), and Stabler (1932). 

Chromosomal rearrangements depend on separation of preexisting 
genic connections and reunion in new combinations. A priori two alterna- 
tive explanations are possible, (i) Free breakages are independently in- 
duced and reunion in twos follows later (Stabler). In this event different 
consequences arc to be expected dependent on whether the process of re- 
union is limited in space and time or not. If it is, then the results will not 
differ much from those expected on the basis of the second possibility, 
which is that (2) breakage and reunion are part of one process and occur 
simultaneously. Here again two rather divergent mechanisms can be, and 
have been, proposed. In the first place, (2a) external attachment may pre- 
cede both breakage and reunion which then will take place in mechanical 
ways only at regions of original contact (Serebrovsky). On the other 
hand, (2b) broken ends independently induced as in (i) may, by nature of 
their “unsaturated” attraction forces, cause the rupture of intact chromo- 
somes with which they lie in contact. While the mechanism (2a) would 
work at microscopic dimensions, the latter could be effective at molecular 
distances only, that is in places where the chromosomes are as closely ap- 
posed as the homologues are in meiotic synapsis. 

X-ray treatment would act in (i) and (2b) by increasing the breakage 
number and thus augmenting the number of rearrangements. In (2a) it 
would lead to a change of the general, perhaps colloidal, state of the 
nucleus by which the chromosomes become “sticky.” For this possibility 
there is a remarkable parallel in the case of homozygous sticky plants in 
Zea mays. Beadle (1937) has shown that in the progeny of these, the 
normal mutation rate is raised approximately ten times as compared with 
heterozygous, or wild type plants. This increase is observable in both 
chromosomal rearrangements as well as in apparent gene mutations. The 
cause in this case is clear from direct observations. The chromosome sub- 
stance is changed by the sticky gene in such a way as to become gluey, 
thus giving all kinds of attachments. That similar changes can be the 
result of X-ray treatment has recently been shown by White (1937). 

The first point in considering the different possibilities cited above, is to 
determine whether random combination between breakage ends occurs 
or not. The distribution of the breakages seems to be random among and 
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along the chromosomes with two possible exceptions, (i) The behavior of 
heterochromatic parts is still open to discussion. Kaufmann and Demerec 
(1937) from their data on break frequencies in Y sperms, have reached the 
conclusion that there is in all chromosomes including the Y a breakage 
frequency directly proportional to their metaphase length. From this they 
further conclude that the chromonema length is directly proportional to 
metaphase length, as suggested by Muller and Painter (1932); more- 
over that the Y therefore is of the same general structure as euchromatic 
chromosomes, and that direct proportionality exists between chromonema 
length and breakage numbers in all chromosome parts. They are forced 
to consider the relative length of hetero- and euchromatic regions in 
salivary gland chromosomes to be secondarily disturbed by differential 
uncoiling, the heterochromatic parts and the Y chromosome remaining in 
a state of submicroscopic folding. Cytological tests arc not yet available. 
They might be obtained, however, from observations in polarized light. 
The opposite hypothesis put forward by Muller and Gershenson 
(1935) assumed that the salivary gland chromosomes represent the real 
proportions of chromonema length of the different sections, and that in 
mitosis the relative length of eu- and heterochromatin is changed due to 
non-spiralization of the heterochromatin. This hypothesis seems to have 
found support by the genetic evidence obtained by Muller and co- 
workers (Muller, Raffel, Gershenson and Prokofyeva-Belgovskaya 
1937; Muller, Prokofyeva-Belgovskaya and Raffel 1938) on the 
differential effect of duplications and corresponding deficiencies on certain 
parts of the inert region of the X chromosome in its metaphase length. The 
so-called block “A,” though a small part of the heterochromatin only, 
seems to be mainly responsible for the length of the inert region in mitosis, 
while on the basis of Kaufmann and Demerec’s assumption metaphase 
length should be proportionally affected by these duplications. 

Our data pertaining to this problem are summarized in table 6, from 
which it is evident that, for autosomes, there is a close agreement between 
observed values for breaks and the length of heterochromatic regions as 
measured in metaphase chromosomes. However, the break value for the X 
chromosome is intermediate between that expected from metaphase 
length and that expected from salivary length. It has been pointed out 
that inversions and translocations with both breaks in the heterochromatic 
region cannot be detected by the method used in this study. If metaphase 
length is assumed to represent equivalent chromonema lengths in all 
regions, then the length of the heterochromatin of X should be equivalent 
to about nine euchromatin divisions. The data shown in table 8 indicate 
that about 90 percent of inversions occur within a distance of nine divisions 
and from the data for 2-break cases shown in table 7, it may be inferred 



CHROMOSOME ALTERATIONS IN DROSOPHILA 625 

that about 35 percent of breaks are connected with such inversions. By- 
taking into account all these factors, an adjustment for undetectable in- 
versions can be made which brings the figure up from 15.8 to about 22.0 
percent, d'he adjusted figure is still appreciably below the expected 33.3 
percent, although an additional correction for undetectable hetero- 
chromatic translocations would bring it still closer to the expected value. 
The significance of this discrepancy may possibly be determined through 
additional data from experiments which are now in progress. It seems ad- 
visable to refrain from passing judgment on this question until the addi- 
tional evidence becomes available and for the present to consider both pos- 
sibilities, namely that (i) salivary chromosomes give a true picture of the 
actual length of the heterochromatic region and (2) that the true picture is 
evident from metaphase chromosomes. 

The other possible exception to random distribution of breaks is the 
break frequency of distal ends, which is slightly, but consistently, higher 
than that of the other cuchromatic sections. 

The interpretation of these results must be different according to the 
different possible mechanisms. If breaks are produced independently, then 
we would observe only a fraction of them, the realized breaks, while others 
must have disappeared by fusion of the original breakage ends. The ob- 
served differences from random distribution, therefore, may be due to 
both higher frequency of induced breaks and lower probability of dis- 
appeared breaks. 

The second point concerning the arrangement of chromosomes in the 
sperm head is whether random exchange occurs between all chromosome 
parts. Several facts are revealed from our data. First, the different types 
of break combinations show differences from expectancy. Accumulation 
of breaks within one chromosome is evident for 2-break cases and highly 
probable in case of more breaks (table 7). Secondly, as far as analyzable 
(table 9), four and more breaks very rarely lead to a simultaneous ex- 
change among all altered chromosomes, but are dissolvable into two or 
more independent rearrangements each involving fewer breakage points. 
This result contradicts the data collected by Dubinin and Ejivostova 
(193 s), but as they have dealt with a selected group of aberrations their 
results do not seriously affect our conclusion. 

These facts taken together indicate that the combination of break loci 
is not at random but is restricted. No attempt will be made to define more 
precisely what spatial arrangement is responsible for the different phe- 
nomena. But the general cause of them must be that rearrangements are 
limited in space and time. 

No sign of a very constant arrangement of the chromosomes is obvious. 
Patterson, Stone, Bedichek and Suche (1934) have obtained results 
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from which they arrived at a very special picture of the architecture of the 
sperm-head. All ends, proximal and distal ones, are assumed to be polarized 
towards the same part of the nucleus. This picture was derived from the 
fact that translocation breakage occurred preferably in the spindle fiber 
regions and in the distal ends. Our data are not in accord with theirs. The 
reason may partly be that a number of translocations with both breaks in 
the chromocentral parts escaped us due to the chosen method. The ap- 
parent increase of breaks in the distal ends in Patterson’s material, much 
higher than that we have found, may partly be a consequence of the dif- 
ferences between the cytological and the genetical maps. 

From the results on the location of breakage points it is not possible to 
decide between the different schemes for the origin of rearrangements. Our 
data indicate, however, that breakage and recombination must be local 
phenomena. 

Kirssanow (1937), from a study of the percentage relation between 
reciprocal and triple translocations, believes he has obtained decisive 
evidence against the break-hypothesis and for the so-called crossing-over 
hypothesis, our alternative 2. In his calculations, however, he reckons only 
with the possibility of free combination in case of induced free break ends. 
In light of the results presented in the present paper, his positive decision 
in favor of the contact hypothesis is unwarranted. 

From the t3q)es of chromosomal rearrangements, conclusions have been 
drawn as to the mechanism of their origin. One of the most obvious points 
is that single breakage rearrangements have been found only very rarely, 
none in the present study. Even if the distal ends of chromosomes are for 
internal reasons incapable of accepting free fragments, terminal deficiencies 
should occur more often. Their absence in most cases has led several 
authors, especially Muller and his associates to doubt the very existence 
of i-breakage cases, that is, terminal deficiencies. Muller believes that, 
the mechanism of origin of rearrangements being somehow related to the 
crossing-over process, two breaks is the minimum number inducible. This 
conclusion, however, has not been proved. Even if it were assumed that 
there are no terminal deficiencies among the stocks, and that all described 
cases, especially those of Demeeec and Hoover (1936), may be regarded 
as representing 2-breakage cases with the distal break very near the tip, 
the possibility remains that the absence of such deficiencies may be due to 
e limin ation rather than to non-occurrence. This elimination of course is 
not due in all cases to h3q>oploidy but may be a consequence of the be- 
havior of broken ends of chromosomes, such as Carison (1938) has de- 
scribed in irradiated neuroblast cells of grasshoppers. If new free ends are 
unstable and tend to reattach themselves to other similar free ends, then 
the two chromatids of the same chromosome with the original terminal 
deficiency will unite and thus form a bridge at next anaphase. This bridge 
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will break again, and there is no reason to believe the new connection 
between both ends will be weaker than other places, so that the next 
break will take place by chance leading to two broken chromosomes of 
different lengths. 'I'his process must recur at many or all following di- 
visions, thus gradually increasing the differences in genic content of the 
daughter cells. 'I'hus, inviablc combinations will necessarily result and in 
the end the r-breakage cases will be eliminated. Therefore, their absence 
does not disprove possibility (i) of their origin. On the other hand, the 
multiple cases are rather difficult to explain on the basis of possibility 
(2b). At any given point a close contact between two chromosomes may 
reasonably be assumed but not between more. As indicated in table 10, 
rearrangements requiring more than two contact points constitute about 
20 percent of the total. One case has been analyzed requiring contact of 
eight strands. On the other side, Dubinin and Khvostova (1935) have 
offered another variation of the contact hypothesis by suggesting that 
multiple rearrangements take place in parts of the nucleus where the pre- 
sumptive breakage regions have become entangled into a knot. As in this 
case knot-formation is independent of the following irradiation one would 
expect that the same relative amount of multiple breakage-cases would 
occur with all dosages. Our data, although not extensive enough to warrant 
a general conclusion, suggest, however, that multiple breaks occur more 
frequently at higher dosages. 

Important for further considerations is the relation between X-ray 
dosage and percentage of aberrations. For the different possibilities of the 
origin of rearrangements, different curves might be expected. A linear rela- 
tion would result in (2b) if the induced breaks are a direct consequence of 
the ionization. An exponential curve will result from a mechanism sug- 
gested by Stadlkr at least for those dosages which do not induce more 
than two breaks in one sperm. Higher breakage numbers and limited 
combination possibilities will lead to more complicated relations. Accord- 
ing to possibility (2a) probably an S-shaped curve as typical for chemical 
reactions might be expected. 

Table i and figures i and 2 suggest that a direct proportionality does 
not exist between dosage and the number of sperms with changes, the 
number of aberrations, and the number of individual breakages. Sug- 
gestive is the strong increase between 2000 and 3000 r units. The trend of 
the resulting curve is not determinable owing to the large standard errors. 

These results contradict certain published data. Heptner and Demi- 
dova (1936) believe that from 1000 to 4000 r units there exists a direct 
linear relation for point mutations, deficiencies and other rearrangements 
as well. The separation between the different types and their grouping, 
however, seems not clear thus making their data unreliable. Of a different 
nature is the direct proportionality found by Kjevostova and Gavrilova 
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(193s) translocations showing position effect for This resalt is 
significant but does not necessarily mean that the translocations result 
from a mechanism elaborated under (2b) but can well be interpreted by 
the hypothesis of Stabler (i). In these special cases two breakages of dif- 
ferent probabilities are involved. One breakage necessarily must be next 
to ci-^, the other, however, may be anywhere along the euchromatic limbs 
of the other chromosomes or in the heterochromatin of X or in the Y. The 
probability for this second type of breakage, therefore, is much higher, so 
that practically in every case when a break will have occurred near ci 
there is a second one available for recombination. Nearly every breakage 
at ci then will lead to a rearrangement. As in these cases a direct pro- 
portionality was observed this suggests that either the rearrangement as 
a whole or the independent break is directly induced. The other results 
presented here do not favor the first explanation and, therefore, justify the 
following conclusions, that (i) breakages are independently induced by 
the ionization in a way comparable to point mutations, as assumed by 
Stabler, and that (2) recombination between free breakage ends occurs 
in a limited space and time. 

One possible objection to these conclusions is the fact that small de- 
ficiencies involving one band are rather frequent (Slizynska 1938). They 
would have to be interpreted as representing two breaks occurring very 
close together, but their actual number seems to be much higher than that 
predictable on the basis of chance occurrence of such breakages. For this 
reason the other possibility must be held open, namely that short de- 
ficiencies have an origin not related to that of other chromosomal aber- 
rations but more similar to that of point mutations. The frequent 
occurrence of induced chromosomal aberrations with lethal effects might 
then be due to one point of the rearrangement representing a true break, 
the other one being an independent deficiency, as has been suggested by 
Demerec (1937). 

Data obtained by Demerec (1938) indicate that Oregon-R stock, the 
same one which was used in these experiments, has a low induced mutation 
rate when compared with Swedish-b stock and with the other material for 
which data are published. In the experiments referred to, 1000 r-units 
induced 1.30 ±0.24 sex linked lethals, 3000 gave 2.15 + 0.45, 4000 produced 
3.08 ±0.47, and 5000 r-units induced 5.43 ±0.76 lethals. When these 
genetic results, showing the relation between dosage and the frequency of 
induced X chromosome lethals, are compared with the cytological results 
given in table i and figure i, showing the relationship between dosage and 
the frequency of sperms with chromosomal aberrations, it can be seen that 
cytological values for 3000 to 5000 dosages are slightly higher than genetic 
values, while the value for 1000 r-units is appreciably lower. The figures of 
L table I represent aberrations observed in all chromoanmAc 
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obtain values for the X chromosome only, these figures should be reduced 
to 18.7 percent. Recalculated figures are 0.68, 1.62, 4,98, 5.57, 7.50 percent 
for 1000, 2000,3000, 4000, and 5000 r-units respectively. It is known that 
not all chromosomal aberrations arc connected with lethals and that not 
all lethals are connected with chromosomal aberrations. Evidence is also 
available that the incidence of aberrations is disproportionally higher 
among lethals induced by stronger treatment (Demerec 1937). It is of 
interest to note that a similar relationship between aberrations and lethals 
is evident here. At 1000 r-units the value for lethals is higher than the 
value for aberrations, while at higher dosages the reverse is true. This 
relationship could be explained by assuming that a similar mechanism is 
responsible for both lethals and aberrations, namely that a portion of the 
lethals originate at a breakage point. If chromosomal rearrangements are 
formed through breakages and subsequent reattachments, then at low 
dosages, where breaks are rare and occur mostly singly in individual nuclei, 
a broken chromosome would be restored by a reattachment, while at 
higher dosages, which induce multiple breaks in nuclei, such reattachments 
may produce chromosomal rearrangements. Thus it is to be expected that 
low dosages would give a higher proportion of lethals not connected with 
chromosomal aberrations and therefore that the relationship between 
values for lethals and values for aberrations would be different at low and 
at high dosages. 

The data shown in table 8 indicate that distances between two breaks 
are distributed at random, namely that two breaks occurring in the same 
chromosome are independent of each other. Since it is definitely known 
that in case of crossing over the position of the second break is influenced 
by the position of the first break, the present results suggest that a different 
mechanism is responsible for reattachments connected with crossing over 
than for those producing induced inversions and translocations. 

summary 

Chromosomal rearrangements were studied by salivary gland chromo- 
some analysis of 1765 Fi larvae obtained from untreated females mated to 
X-rayed males. A total of 1038 breaks were plotted in euchromatic regions 
within the limits of the single divisions of Bridges’ (1935) maps. 

The data indicate a significant deviation from the straight line pro- 
portionality between dosage and frequency of breaks. 

Distribution of breaks among chromosomes of comparable lengths is at 
random. 

In general, the distribution of breaks is at random within euchromatic 
sections of chromosomes, with the possible exception of distal regions 
where breaks tend to be slightly more frequent. In heterochromatic re- 
eions. breaks are more freouent then in piichromatir remons for similar 
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Two breaks occurring in euchromatic regions are independent of each 
other. In case of multiple breaks a tendency is noticeable for them not to 
be distributed at random among chromosomes but to accumulate within 
chromosomes. 
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INTRODUCTION 

M OTI’LED-EYED flies have been reported on various occasions by 
numerous investigators. The following paper presents further data 
on the inheritance and expression of a mottled-eyed mutant of Drosophila 
melanogaster. The mutant first appeared in a progeny of flies which had 
been subjected to supersonic vibrations in an experiment conducted by 
Hersh, Karrer and Loomis (1930), in an attempt to induce mutation. 
In this experiment there appeared five mottled-eyed males in the progeny 
of 26,13s flies, resulting from matings of treated cut forked Bar males with 
virgin double-yellow females with attached X chromosomes. This fact 
suggested sex linkage. The mottled males were bred to the double-yellow 
sisters and the flies in the Fi were normal in each case. Upon allowing the 
Fi to interbreed some mottled flies of both sexes appeared in the Fa. The 
character was then carried along with a greater or smaller number occur- 
ring in each generation. 

The mutant was later crossed with a vermilion stock by Dr. W. P. 
Spencer thus producing a stock of vermilion mottled-eyed flies. Such was 
the nature of the stock at the beginning of this investigation. 

The mutant shows a pronounced dark mottling of the eyes and was 
illustrated by Surrarrer (1935). These illustrations show variations from 
almost complete dark pigmentation to nearly entire removal. At tempera- 
tures of 25“C and above complete removal of the dark pigmentation 
results. Not only is there variation in the magnitude of the effect, but also 
a considerable variation in the compactness of the darkened area. 

Because of this variability and frequent lack of the character expression 
under ordinary culture conditions, it was necessary to find control methods 
for production. The author found (1935) that the character was expressed 
at temperatures of 2o°C or below. It was further found that the tempera- 
ture-effective period was in the pupa stage and that the percentage of the 
area of the eye affected was inversely proportional to the developmental 
temperature. 

If the main problem of genetics and development is the determination 

‘ Submitted to the Division of Biology of Western Reserve University in partial fulfilment of 
the requirements for the degree of Doctor of Philosophy. Sincere appreciation is here expressed 
to Dr. A. H. Hersh of Western Reserve Univeraty under whose direction the work was accom- 
plished. 

Gknktics 23: 631 Nov. 1938 
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of the intermediate action between the genes at the beginning and the 
external characters at the end of development, such a mutant presents 
rather unique material for a study of genic expression. With a controlled 
procedure for the expression of the character there was furnished the neces- 
sary information for further study of the genetics of the mutant. 

PROCEDURE AND RESULTS OE GENETICAL ANALYSIS 

The flies were cultured in large stock bottles on i percent agar agar 
banana media. They were placed at 2fC for increased egg production and 
rapid larval development. Before the beginning of pupation the adults were 
removed and the cultures placed at iS'^C for further development. 
Mottling may be prevented from developing in the adults by subjecting 
their pupae to temperatures of 25°C or above. The question immediately 
arises, will such red individuals, thus produced, have the same hereditary 
qualities as the mottled adults, if the pupae are subjected to the same 
environmental conditions. 

Mass cultures of the mottled mutant were allowed to develop at 27^0. 
Before the time of pupation the adults were removed, and part of the 
cultures placed at i8°C for further development. Upon emergence two 
mass cultures were made up from the phenotypically non-mottled adults 
which had been produced at 27°C, and two like cultures from the above 
mentioned phenotypically mottled adults produced at i8°C. The offspring 
thus produced, in accord with general expectation, showed no appreciable 
difference in character expression. 

The localization of the mottled gene^ in its respective chromosome was 
carried out with a physiologically balanced stock S/Cy D/C III X. 
Mottled virgin flies were crossed to S/Cy D/C III X males. The Fi 
without exception was non-mottled. This confirmed the recessive nature 
of the mutant and further proved the character was not sex linked. The 
Star Dichaete Fi males were crossed back to mottled females, and there 
appeared in the progeny Star mottled, but no Dichaete mottled flics. 
This showed that mottled is in the third chromosome. This fact is further 
confirmed by crossover data. 

Selected Dichaete males from the above described cross were mated to 
virgin mottled flies. The following results were obtained from the first 
backcross. 

D/mot <S^ <^y.mot/mot •$ 9 
Dichaete mottled Normal 

123 119 10 

The appearance of normal in the offspring was assumed to be due to modi- 
fiers. This is partly proved by the results of the next back-cross. 

* This gene lias been given tbe symbol but for the sake of simplicity is referred to through- 

out this paper as mot. 
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D/mot & (S^'Kmot/mot 9 9 
Dichactc mottled Normal 
280 251 o 

Assuming mottled to be a typical Mcndelian recessive, the above data, 
even though small, fall within acceptable deviation. 


Dichaete mottled 
Observed 280 251 

Expectation 265.5 265.5 

Difference 14.5 14.5 


From the formula cr = \/qnp it is found that the probable error is within 
acceptable limits. 

In the isolation of the Dichaete flies for the above crosses it was noticed 
that Star flies wore usually only slightly mottled. The influence of Star 
was checked by producing mottled Star flies and then backcrossing to 
mottled. The offspring from such a cross were carefully checked. In order 
to illustrate the comparative degree of mottling the following method of 
estimation was used. When \ of the area of the eye was estimated to be 
pigmented, it was recorded as 4, when approximately i as 3, less than J 
as 2, and when only slightly pigmented as i. 

Sf+mot/mot 9 9 X+/ +inot/mot & 

S/ + mot/ mot 4. / -p mot/ mot 

Area mottled 1234 123 4 

Individuals 42 it 3 o x 6 29 41 

From the above data, it seems that Star acts as an inhibitor to the area 
of the eye effected by mottled. 

After the homoisygosity was such that the offspring from mot/ mot 
9 9 XI) /mot c? cf wen^ either mottled or Dichaete, reciprocal crosses 
were made to determine the crossovervalue between mottled and Dichaete. 
Mottled males wen^ crossed to D/mot females, resulting in offspring as 
illustrated in table x. 

Tab,i.k I 

Crossover data involving Dichaete and mottled 
D/mot 9 9 Xmotimot & 


DicUAime 


MOTTLED 


NON-DICHAETE 

NON-MOTTLED 


DICHAETE MOTTLED 


Sot 666 50 35 (Total 1555) 


From the data it is evident that Dichaete flies are apparently more 
viable than mottled ones. It was expected that the crossover columns 





T. C. SURRARRER 


634 

III and IV would more closely approach each other; yet it would be logical 
to assume that the phenotypically normal flies would be more viable than 
the mutants. According to the foregoing data the crossover value of mot- 
tled and Dichaete is 5.46 percent. From this result mottled is either in 
close proximity to the spindle fiber or is in the approximate position of 
rose. 

The cross D/mot Xmotimot used in the attempt to determine the position 
of mottled from Dichaete was allowed to inter-breed during the summer 
of 1936 from June until August. At the end of the three months’ period 
virgin mottled crossed to Dichaete males gave as in the previous work 
either Dichaete or mottled offspring in accord with expectation. Dichaete 
virgin flies from the above lines were chosen and crossed to the mottled 
males from the same strain, D/mot 9 9 Xmotimot cf cf resulting in some 
mottled Dichaete flies. From such crosses the mottled Dichaete male and 
female flies were carefully selected, and each sex placed in shell vials and 
crossed back to the mottled line. In this way a mottled Dichaete strain 
was easily maintained by crossing Dichaete mottled males to mottled 
females with constant selection of the Dichaete mottled males. 

A Stubble line of D. melanogaster was obtained from Pasadena in 1935 
with the third chromosome constitution S/Cz 13a. These flies were crossed 
to mottled flies which had been inbred with the Dichaete line previously 
mentioned. (+/+ +/+ Sb/C^ +/+)X(+/+ +/+ mot/mot 
+/+)^+/+ -+/+ Sb/mot and -t-/+ +/+ mot/Cs 13a +/- 1 -. 

The Stubble males were carefully selected and crossed back to the pre- 
viously mentioned mottled flies. The Fi generation showed a predominance 
of Stubble and thus to increase the homo2ygosity of the lines the Stubble 
males were chosen and crossed back to the mottled females of the pre- 
viously mentioned line for seven generations. In all cases Stubble flies 
outnumbered the expectation of a i : i ratio and in no case did the non- 
Stubble exceed the fifth backcross in which the non-Stubble flies comprised 
45.7 percent of the progeny. 

The Stubble males of the seventh backcross were carefully selected and 
crossed to virgin Dichaete mottled females. 

Sb/mot d' d XD mot f mot 9 9 

Ten such crosses were made up on i percent agar banana media in large 
culture bottles and incubated as previously described for character expres- 
sion. The D motf females thus produced were crossed to mot/ mot 

males. Ten of these crosses were made up with approximately 10 females 
and 20 males in each bottle. At the end of three days the adults were re- 
moved and placed in new culture bottles for an additional three day egg 
laying period, and incubated as above. 

The flies from the previously mentioned crosses were carefully checked 



MOTTLED EYE IN DROSOPHILA 635 

under a Spencer binocular with a 23 X objective and 9X ocular combina- 
tion. The results of the cross are listed in table 2. 

Table 2 

Crossover data involving Dichaetey mottled afid Stubble, 


D mot -f- + mot + 

9 9X cfc?’ 


+ + 56 


NON-CROSSOVERS 


D mot + 


+ + 56 


-j- mot + 

CROSSOVERS 


D{i) mot(2) - 1 - 
4 - + 56 


1:2 


d^ 9 cf 9 cr 9 cf 9 cf 9 <f 9 5*9 cf ‘9 

343 418 1339 1589 81 66 39 54 22 27 109 120 3 4 100 128 

Total 4442 


From table 2 it is evident that all of the expected flies occurred in the 
population. It is further evident that in all cases except the Dichaete 
Stubble flies the viability of the females is slightly above that of the males. 
This is, however, probably not significant, and somewhat in accord with 
the expectation. 

The distorted ratio of the non-crossover flies (761 Dichaete mottled to 
2929 Stubble) is probably significant. The expected ratio is i;i and the 
result is i ^3.85. Because of the low viability of the Dichaete mottled flies 
when in competition with Stubble, the Dichaete mottled crossover percent 
has not been considered of value. 

The crossover value of Stubble and mottled as determined from table 2 
is as follows: 


D 

mot 

Sb\ . , 


+ 

mot 

Dichaete mot So 

49 

+ 

+ 

"'"1 Normal 

229 

+ 

mot 

+ } 


D 

+ 

> Dichaete 

228 

+ 

mot 

+ ) 


+ 

mot 

“^Hmottled Stubble 

7 

+ 

mot 

+ ) 



53^3 

513-^4442=11-54% 
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To further confirm the position of mottled by the crossover method the 
Si! mot males were again selected and crossed back to mottled females to 
further increase homozygosity. The viability of Stubble was again, as in all 
previous cases, above that of mottled. 

Mottled males were then crossed back to Stubble heterozygous mottled 
females. 

Sh! mot 9 9 X mot /mot cf o’ 

Seven such crosses were made up on i percent agar banana media in large 
stock bottles. Ten females with about twenty males were placed in each 
bottle and incubated as in previous experiments. 


Table 3 

Crossover data involving mottled and Stubble 
Sb/mot 9 9 'Kmotimot d'd'. 



NON-CROSSOVERS 



crossove(rs 

MOTTLED 

STUBBLE 

MOTTLED STUBBLE 

NORMAL 


9 

cf 

9 


9 

& 9 

Totals 178 

195 

546 

580 

26 

30 

61 93 


From the data in table 3 there is a total of 1709 flies with 210 crossovers 
between Sb and mot. 


210-7-1709 = 12.2% crossover value 


This crossover value compares with the previous mottled, Stubble 
crossover value within 1.66 units. 

The crossover value as determined when Stubble heterozygous mottled 
and Dichaete mottled were mated was as follows: 


D 

+ 

+ 

+ 

D 

+ 

+ 

+ 


1 

mot 

•+■] 

^Dichaete Stubble 

w 

mot 

mot 

+1 

+j 

mottled 

93 

+ 

mot 

+1 

+j 

1 ^ Dichaete 

228 

mot 

mot 

-fj 

mottled Stubble 

7 


475 - 5-4442 = 10 . 6 % 


475 
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Thus mottled is placed between 47.66 and 51. However, as previously 
stated, the crossover value of Dichaete and mottled when obtained in 
competition with Stubble is probably not valid. The Stubble mottled 
crossover value, on the other hand is apparently valid. Thus the mottled 
Stubble crossover value when determined independently of Dichaete is 
12.2; while that obtained in combination with Dichaete is 11.54. The 
combined data give a value of 11.87. 

Even though all the crossover data do not exactly conform, it is evident 
that mottled is very close to the spindle fibre of chromosome three. The 
spindle attachment has been placed on the standard map at 46. From the 
above, the data indicate mottled to be between 45.86 and 46.33; the mean 
of which is 46.08. 

Thus from the foregoining data the mutant is definitely placed on chro- 
mosome three as shown by a dominant physiologically balanced stock and 
further confirmed by the above linkage data. The three point linkage data 
place the character in close proximity to the spindle fiber attachment. It 
was found by Glass (1933) in X-ray induced dominant mosaic eye-color 
mutants that chromosome breaks were at or very near the locus involved 
and further that in chromosome II and III frequent breaks occur in the 
vicinity of the spindle fiber. Schultz (1936) believes that a translocation of 
inert regions from the spindle attachment or other loci to active regions 
is the probable reason for variegation. 

Whether the character involves a visible translocation or inversion will 
only be definitely determined by cytological salivary analysis. 

THE TEMPERATURE EFFECTIVE PERIOD AND ACTUAL EXPRESSION 

The author (1935) showed that the temperature effective period of the 
mottled mutant was during the first half of the time interval between 
pupation and emergence. A further analysis of the development was 
undertaken in an attempt to more accurately place the temperature 
effective period of the character. 

PROCEDURE AND RESULTS 

Large families of flies were made up on i percent agar agar banana 
media in straight 2I X3I inch Stender glasses. Such containers were used 
to facilitate recovery of pupae. These cultures were maintained at 27°C. 
The adults were removed upon the appearance of the larvae and the con- 
tainers carefully watched until pupae development approached a peak. 
All existing cases were then removed and from that time pupae were taken 
out at hourly intervals. 

This experiment was carried out in an underground room where tem- 
perature fluctuation was rather slight. It was thus possible to maintain a 
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temperature under a goose neck lamp of approximately 27°C during the 
removal of the pupae. The pupae were carefully taken out by the use of 
a wire loop and placed on a narrow strip of paper toweling which extended 
down into approximately 3 cc. of water in the bottom of the test tube. The 
tubes were then plugged with cotton in the usual manner. In this way a 
rather constant humidity was maintained which seemed to satisfy condi- 
tions for future emergence. The tubes were numbered and immediately 
returned to the 27°C incubator. Each tube then remained at 27°C for a 
definite time interval ranging from 24 to 39 hours, preliminary experiments 
having revealed the effective period to be within these limits. The data re- 
corded in table 4 were obtained from two sets of nine families each. The 
data from each set overlapped the other as to time interval. From the two 
sets of data a total of 662 flies of known age is recorded. It becomes evident 
that the temperature effective period falls between 25 and 35 hours of 
development under these controlled conditions. 


Table 4 

Data on the temperakire effective period of mottled and non-mottled as observed by hourly 
transfers from 2y^C. to i8^C. 


Hours at afC 

24 

25 

26 

27 

28 

29 


^ non- 
mot 

mot 

^ non- 
mot 

mot 

^ non- 
mot 

mot 

^ non- 
mot 

mot , 

^ non- 
mot 

mot 

. non- 
mot 

mot 

Individuals 

8 

20 

so 3 

31 I 

32 17 

10 26 

Hours at 2fC 

30 

31 

32 

33 

34 



, non- 
mot 

mot 

^ non- 
mot , 

mot 

^ non- 
mot 

mot 

^ non- 
mot 

mot 

. non- 
mot 

mot 


Individuals 

6 37 

4 31 

SI 

I 60 

2 71 


Hours at 

35 

36 

37 

38 

39 



^ non- 
mot 

mot 

^ noTV- 
mot 

mot 

^ non- 
mot 

mot 

^ non- 
mot 

mot 

^ non- 
mot 

mot 


Individuals 

75 

43 

29 

32 

31 



The visible expression of the mutant is, however, much later. This 
time was determined in the following way. Pupae were embedded in 
modeling day on the white stage of a binocular microscope. In this way 
the anterior portion of the pupa case was carefully removed with a pair 
of very sharp needles, thus exposing the developing eye. It was soon found 
in dissecting pupae cases of different ages that the deposition of the brown 
pigmentation preceded the vermilion. This is exemplified in the photo- 
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A B C 

FiGtiRK I. — Photomicrographs of dissected pupae showing (A) no pigmentation, (B) dark 
brown deposition and (C) dark brown deposition and vermilion pigmentation. 

micrographs (fig. i) of such dissected pupae. These photomicrographs were 
taken through a 4 mm. Bausch and Lomb microscope objective directly 



Figure 2.— Graphic relation of the temperature effective period. 
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adapted in place of the lens on a 3iX4i inch plate camera. A shows no 
eye coloration, B shows the dark pigmentation but no vermilion, and C 
shows the dark brown pigmentation and the incoming vermilion colora- 
tion. 

Figure 2 is a graphic representation of the percentage of flies examined 
which showed the mutation at various hours of exposure to a temperature 
of 27°C. 

It was observed that the dark brown pigmentation on the eye did not 
spread in extent after it once became visible, but gradually became more 
sharply differentiated from surrounding tissue. 

Large families of flies were again made up, as previously described, for 
spontaneous pupae production. The cases were removed at hourly intervals 
and handled as in the previously described fashion. After the pupae were 
incubated at 27°C for 24 hours they were placed at i8°C. At the end of an 
additional 48 hours the pupae were carefully embedded in modeling clay, 
which had previously been molded into suitable shape on a removable 
Spencer binocular stage plate. The clay and plate were placed in the in- 
cubator so that their temperature would be that of the pupae. As the 
pupae were successfully dissected they were placed on microscope slides 
in definite positions, which had previously been determined by two rows 
of numbers. In this way the exact age of the pupae could be easily recorded. 
When the slide was filled with pupa cases it was slipped on to a carrier 
which was made of two strips of glass with an air space of about 5 inch 
between them. Both the carrier and the numbered slides had been in- 
cubated at i8°C so that the pupae would not change temperature greatly 
when mounted. This was an attempt to have a means of observation at 
future hourly intervals without significant temperature changes. The 
slides were slipped off the carrier after each observation and both slides 
and carrier remained in the incubator until the next observation. 

The first group of pupae were taken at six different consecutive hourly 
intervals. They were dissected and observed at hourly intervals for color 
deposition at room temperatures (22°-25°C). The second group of pupae 
were taken at eight different consecutive hourly intervals. They were dis- 
sected and observed at hourly intervals for color deposition in a cold 
room (io°-is°C, during December), 

It became evident in these two experiments that the hourly observations 
were more frequent than necessary, because hourly changes were not re- 
cordable and further it changed environmental conditions unnecessarily. 
The third group of pupae were all taken at a single hourly interval. They 
were dissected and observed at three hour intervals in a constant i8°C 
thermostatically controlled chamber. The data of the three experiments 
are recorded in table 5. 
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From these data it becomes evident that temperature is of vital im- 
portance in the time of pigment deposition of both brown and vermilion. 
In the first group of t 2 pupae taken at six different consecutive hourly 

Table 5 

Recorded dnUi of the time of brown and veriuilion deposition in individuals of 
experiments /, II and III. 


TIME OF INDIVIDUAL BROWN COl.OKA- TIME OF VEBMILION COLOR 

TION AFTER PUI^ATION APPEARANCE 

(8 HR. intervals) (3 hr. intervals) 


I 

11 

III 

1 

II 

III 

87 

96 

91 

102 

114 

109 

87 

99 

94 

los 

114 

109 

89 

100 

94 

104 

127 

109 

90 

103 

94 

no 

127 

109 

90 


94 

108 

127 

109 

90 


94 

105 

127 

109 

91 

103 

94 

T03 

130 

109 

91 

104 

94 

100 

116 

109 

91 

104 

94 

106 

122 

109 

92 

104 

94 

no 

122 

109 

92 

104 

94 

no 

125 

109 

10 1 

104 

94 

107 

125 

109 


104 

94 


125 

II 2 


104 

94 


X25 

II 2 


104 

94 


125 

112 


104 

94 


125 

112 


104 

94 


128 

112 


105 

94 


120 

II 2 


10$ 

94 


126 

II 2 


106 

94 


115 

II 2 


106 

97 


127 

109 


106 



130 



108 



123 



108 



126 



io8 



126 



108 



129 



108 



129 



112 



127 



1 X 2 



127 


Mean ^o.S 

104.4 

94 

105.8 

124.1 

110. g 


intervals there is a range from 87 to loi hours in the time of the deposition 
of brown, or a difference of 14 hours. The vermilion color change varies 
from 100 to no hours after pupation, a difference of 10 hours. The dis- 
section of pupae and interval of observation under a binocular were 
carried out at 22°-2S°C. Thus the cases were at a temperature above i8°C 
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during some of theirdevelopment and the rate of change would be expected 
to be increased. The second group o'f 29 individuals show a range of from 
96 to 1 12 hours in the time of the brown deposition or a difference of 16 
hours. The vermilion color change varies from 114 to 130 hours— a range 
of 16 hours. The dissection of pupae and of observation were carried out 
in a cold room 10° to is°C. Thus the temperature of the pupae was below 



Hours Hfter Pupation 

ZHHK. ZIC REMAINDER iS'c 


PiGUHE 3. — Graphic relation of experiments I, II, and III. la, ITa, and Ilia indicate the time 
at which the various individuals showed brown deposition. Ib, lib, and Illb indicate the time the 
same individuals showed vermilion deposition. 

i8°C during some of their development and the rate of change would 
be expected to be decreased. 

If the temperatures of observation and dissection were of significance, 
the third group of pupae dissected and observed at i8°C should fall 
between the other two. Such is the case as is shown graphically in figure 3. 
The third group of 21 pupae were all taken at the same hour interval and 
show a range of 6 hours for brown and 3 for vermilion. 

There are, however, other reasons for the variation. In groups I and II 
the pupae were taken at six and eight different consecutive hourly intervals 
respectively. Thus on no two occasions would environmental conditions 
be identical. The degree of injury of an individual at the time of dissection 
and the time at which it occurred would undoubtedly retard or accelerate 
certain processes. Nevertheless, it becomes evident that the actual ap- 
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pearance of the mottling occurs long after the temperature effective period 
for its development. This is indicated in figure 4, in which the mean of the 
effective period obtained from 662 individuals falls at 30 hours (±5 hrs.). 
The mean of actual appearance of brown and vermilion obtained from 21 
individuals of the third group is indicated by the horizontal line (24 hours 
at 27°C and the remainder of development at i8°C). Thus the mean point 



Figure 4* — The horiisontal line is the graphic relation (A) of the mean time of actual brown 
deposition; (H) the mean time of the actual vermilion deposition to the temperature effective 
period. 

of Ijrown deposition falls at 94 hours, and that of vermilion at 110.9 hours 
after pupation. (It should be remembered that observations are recorded 
at three hour intervals, and the range of brown deposition is from 91-97 
hours and vermilion from 109 -x 12.) 

DISCUSSION 

The mottled mutant here described is one of extreme environmental 
sensitivity. It was shown by the author (1935) that at temperatures of 
2o°C or below the brown pigmentation was expressed; while at tempera- 
tures of 25°C or above it was erased. 

The character is sharp in its expression. Neighboring facets are either 
darkly pigmented or free from the pigment entirely. This undoubtedly 
means that no dilution occurs. Apparently the molecular size of the pig- 
ment is sufficient to be unable to diffuse to neighboring facets. The number 
of facets effected and thus the size of the area of brown pigmentation dep- 
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osition is roughly inversely proportional to the temperature (Surrarrer 
1935). The difference in the color of the eye is in accord with changes in 
temperature apparently in the manner of a chemical reaction. Comparable 
changes as a result of temperature have frequently been recorded with 
special reference to wing and eye mutants in Drosophila. 

The temperature effective period falls within the pupae stage and is 
between 25 and 35 hours after pupation at 27°C. This period is the time 
limit from the first individual to the last to show the temperature effect. 

The actual appearance of the brown pigmentation as would be generally 
expected falls definitely after the sensitive period. Under the most carefully 
controlled conditions it appears between 91 and 97 hours; while the 
vermilion deposition comes considerably later, between 109 and 112 hours. 
(It should be kept in mind that a three hour observation interval was used.) 
These data conform with the results of Schultz (1935) which showed that 
in eye mutants of dark pigmentation the color deposition was definitely 
ahead of the light or more dilute eye mutants. 

If genic action as expressed by mutants is the acceleration or retardation 
of normal processes, the mottled vermilion combination affords fortunate 
experimental material. Schultz (1935) showed in Drosophila that the 
sequence of pigment deposition in the eye was yellow to tan to red. This 
is also confirmed by the work of Cochrane (1936) in Drosophila pseudo- 
obscura, which shows further that eye color may be the effect produced 
by two or more genes, each acting in its own sensitive period. Thus the 
early appearance of the brown deposition (the temperature effective 
period of which is known) in reference to vermilion (whose temperature 
effective period is not known) would physically obstruct the appearance of 
the latter. 

Mottling of the eyes in Drosophila may be attributed to several types 
of changes or various combinations of them. 

(1) Point mutation or chromosome change, although always a pos- 
sibility apparently has no substantial proof. Muller (1930) states that 
visible variations induced by X-rays which involve point mutations are 
similar to spontaneous visible variations; and that such simple point 
mutations are stable in their inheritance. No eversporting cases have been 
found. 

(2) Somatic disjunction or reduction of chromatin provided possible 
explanation for Morgan (1911) and Spencer (1926, 1930). 

(3) Somatic crossing over and segregation (Stern 1935). 

(4) Inversion or translocation resulting in probable somatic elimination 
of chromatin (Patterson 1928, 1932, 1933; Patterson and Painter 
1931; Van Atta 1932; Gowen and Gay 1934). 

(s) Inversion or translocation resulting in a positional change of inert 
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material from the region of the spindle fiber to other active loci; or perhaps 
better, the relations of inert material to active loci (Gowen and Gay 1933; 
Schultz 1936). 

(6) Unstable gene hypothesis (Demeeec and Slizynska 1937). 

A frequently recorded type is that of X-ray induced translocation with 
apparent somatic elimination. It seems probable that the mottled here 
concerned is a somewhat stable nuclear change, highly dependent upon 
environmental conditions. This seems evident because (i) at 2o°C or 
below the character is expressed in 100 percent of a population ; while at 
temperatures of 25°C or above it is completely absent. (2) The lower the 
temperature the greater is the area of the eye affected. It seems that the 
molecular change in the formation of the pigment is only possible at rela- 
tively low temperatures. (3) The time of the temperature effective period 
is sufficiently late in the cycle to remove the possibility of somatic change. 
(4) Flies whose eyes are non-mo ttled as a result of the temperature effect, 
produce mottled offspring if the pupae are held at temperatures of 2o°C 
or below. 

Mottled is on the third chromosome and may involve more than a point 
mutation. It is evident, however, that the region of the spindle fiber is 
involved. 'Fhc temperature effective period of the mutant is rather sharply 
defined as is also the time of its actual expression. 

SUMMARY 

1. Mottled acts as a typical Mendelian recessive and is very sensitive 
to temperature. 

2. Adults with the mottled character erased because of development at 
2S°C or above produce progeny with mottling expressed if the pupae 
develop at suitable temperatures. 

3. Mottled is on the third chromosome as located by the dominant 
physiologically balanced stock S/Cy D/C IIIX. This is further confirmed 
by linkage data. 

4. By three point linkage data the mottled character was placed at 5.46 
crossover units from Dichaete and 11.87 units from Stubble. It thus in- 
volves the region of the spindle fiber attachment. 

5. Mottled is a rather stable nuclear change, and not a result of somatic 
elimination or mutation. 

6. The temperature effective period falls between 25 and 35 hours after 
pupation at 27°C. 

7. The expression of mottled occurs 91 to 97 hours after pupation (24 
hours at 27°C and the remaining development at i8°C). The vermilion 
coloration occurs between 109 and 112 hours after pupation (24 hours at 
27°C and the remaining development at i8°C). 
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